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A first-principles linear scaling real-space method for investigating non-collinear magnetic
behaviour of nanostructured materials has been developed. With this method, the magnetic
structures of small supported transition metal clusters have been examined. The geometric
constraints imposed on the clusters by the underlying surface is found to cause non-collinear
behaviour for V, Cr, and Mn clusters on Cu(l11). Fe clusters supported on Cu and Ni have
been studied and both spin and orbital moments are found to be enhanced for the Fe atoms,
which is attributed to the recuced symmetry present at the surface. Atoms in Co clusters have
been found to order antiferromagnetically, and some times in a non-collinear fasion, when
deposited on a W surface. Small clusters of fcc Fe embedded in Cu have been examined and a
new type of ordering, not present in larger fcc Fe systems was found.

Several theoretical studies of Fe and Co based nanostructures consisting of multilayers or
embedded clusters have been conducted, with the aim of predicting high moment materials for
use in data storage applications. In agreement with previous experiments an enhancement of
the magnetic moment is found compared to the magnetic moment of bcc Fe. The
enhancement has been shown to be caused by increased spin moments for Fe atoms in close
proximity with Co atoms, and this enhancement depends on the number of Co neighbours. As
a result of these studies, a possible method of increasing the magnetic moment of cluster
based materials has been proposed.

Fermi surface analysis have been performed both on bulk materials, in order to investigate
mechanisms for stabilizing non-collinear magnetic states, and in layered structures where the
effect of the Fermi surface on the interlayer exchange coupling has been investigated.

In addition to the development of a real-space electronic structure method for non-collinear
magnetism, a density matrix purification method has been implemented in the framework of
linear muffin-tin orbitals.

Keywords: magnetism, clusters, non-collinear, multilayers, first-principles theory, electronic
structure, high-moment materials, exchange interactions, linear scaling methods

Anders Bergman, Department of Physics, Box 530, Uppsala University, SE-75121 Uppsala,
Sweden

© Anders Bergman 2006

ISSN 1651-6214
ISBN 91-554-6527-7
urn:nbn:se:uu:diva-6763 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-6763)



Till Peggen.






List of Papers

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals.

I

II

III

v

VI

VII

VIII

Linear scaling density matrix approach for the linear muffin-
tin orbital method.

A. Bergman, E. Holmstrom and A.M.N. Niklasson,

In manuscript

The Fermi Surface Effect on Magnetic Interlayer Coupling.
E. Holmstrom, A. Bergman, L. Nordstrém, S.B. Dugdale,
I. Abrikosov and B.L. Gyorffy,

Phys. Rev. B 70, 064408 (2004)

The role of magnetic impurities in Fe/V multilayers.

B. Skubic, E. Holmstrém, A. Bergman and O. Eriksson,

In manuscript

Magnetism of Fe/V and Fe/Co multilayers.

O. Eriksson, L. Bergqvist, E. Holmstrom, A. Bergman,
O. LeBacq, S. Frota-Pess6a, B. Hjorvarsson and L. Nordstrom,
J. Phys.: Condens. Matter 15 S599, (2003)

Magnetic properties of Fe/Co(001) superlattices from
first-principles theory.

A. Bergman, T. Burkert, B. Sanyal, S. Frota-Pessoa,
L. Nordstrom, A. V. Ruban, S. I. Simak and O. Eriksson,
Submitted to Phys. Rev. B

Local magnetic effects of interface alloying in Fe/Co multilay-
ers.

S. Kamali-M, A. Bergman, G. Andersson, V. Stanciu and L. Hig-
gstrom,

Submitted to J. Phys.: Condens. Matter

Magnetism of Fe clusters embedded in a Co matrix from first-
principles theory.

A. Bergman, E. Holmstrém, A.M.N. Niklasson, L. Nordstrom,
S. Frota-Pess6a and O. Eriksson,

Phys. Rev. B 70 174446 (2004)

Magnetic moments of Fe clusters embedded in an FeCo alloy.
A. Bergman and O. Eriksson,

Submitted to Phys. Rev. B



vi

IX

XI

XII

XIII

XIv

XV

XVI

XVl

Conditions for noncollinear instabilities of ferromagnetic ma-
terials.

R. Lizarraga, L. Nordstrom, L. Bergqvist, A. Bergman, E. Sjost-
edt, P. Mohn and O. Eriksson,

Phys. Rev. Lett. 91 107205 (2004)

A theoretical and experimental study of the magnetic struc-
ture of TICo,Se>.

R. Lizarraga, S. Ronneteg, R. Berger, A. Bergman, O. Eriksson
and L. Nordstrom,

Phys. Rev. B 70, 024407 (2004)

A crystal and magnetic structure investigation of TbNis_,Cu,
(x=0,0.5,1.0,1.5,2.0); Experiment and Theory

R. Lizarraga, A. Bergman, T. Bjorkman, H-P. Liu, Y. Andersson,
T. Gustafsson, A.G Kuchin, A.S Ermolenko, L. Nordstrom and
O. Eriksson,

In Manuscript

Magnetic structure of a small fcc Fe cluster in Cu.

A. Bergman, R. Robles and L. Nordstrom,

In Manuscript

Magnetic interactions of Mn clusters supported on Cu.

A. Bergman, L. Nordstrom, A. B. Klautau, S. Frota-Pessda and
O. Eriksson,

Submitted to Phys. Rev. B

Magnetic structure of Fe, Cr, and Mn clusters supported on
Cu(111).

A. Bergman, L. Nordstrom, A. B. Klautau, S. Frota-Pess6a and
O. Eriksson,

In manuscript

Non-collinear magnetisation of V clusters supported on a Cu
(111) surface: theory.

A. Bergman, L. Nordstrom, A. B. Klautau, S. Frota-Pessda and
O. Eriksson,

Submitted to Surf. Sci.

Magnetism of Co overlayers and nanostructures on W(001):
A first principles study.

A. Bergman, L. Nordstrom, A. B. Klautau and O. Eriksson,

In Manuscript

Spin and orbital moments of Fe clusters supported on
Ni(001).

R. Robles, A. Bergman, A. B. Klautau, O. Eriksson and
L. Nordstrom,

In Manuscript



vii

XVIII A first principles study of the magnetism and electronic
structure of Cr clusters supported on a Au (111) surface.
A. Bergman, L. Nordstrom, A. B. Klautau, S. Frota-Pessda and
O. Eriksson,
In Manuscript






Contents

1 Introduction ............ ...t 1
2 Density Functional Theory ............. ... ... .. ... . .... 3
2.1 The many-body problem . ............ ... ... ... .... 3
2.2 Density Functional Theory ............... ... ... .... 3
2.3 Local Density Approximation . ........................ 4
2.4 Spinpolarized systems .. .......... i 4
2.5 Spin-orbitcoupling .......... . ... ... 6

3 Linear Muffin-tin Orbitals . .......... ... .. ... .. ... ... ... 7
3.1 Theeigenvalueproblem............ ... ... .. ... ..... 7
32 The LMTODbasisset . .......coouuiiiiiinenn.. 7
3.3 Atomic sphere approximation . .................... ... 9
3.4 Representations . .. .. ...t 10
3.5 TheHamiltonian ........ ... . ... ... . . . . ... 12

4 Therecursionmethod ........... ... ... ... ... .. ... . ... 13
4.1 Thechainmodel ............ ... . ... ... .. ... .. ... 13
4.2 Calculation of the recursion parameters . ................. 15
4.3 The continued fraction. .. ........ ... .. ... ... 16
4.4 SelfconsSiStenCy. ... .......couiiinininean. 18
4.5 Non-collinear magnetism. . .................cuu..... 19
4.6 Spin-orbitcoupling ............. .. 21
4.7 O(N) with Density Matrix Purification. .................. 22
4.7.1 Trace correcting purification ...................... 23
472 Trace resetting purification ....................... 23

473 LMTO self-consistency . ............c.ouuueeeen.. 24

5 Magneticordering . ............ i 27
5.1 The Stonercriterion. . .............uuuiteneenee.... 28
5.2 Magnetic susceptibility and nesting . . ................... 30
5.3 Exchangeinteractions .................oiuueieennn... 32
5.4 Interlayer exchange coupling . ......................... 32

6 Highmomentmaterials ........... ... ... ... . ... ..... 35
6.1 Material prerequisites for data storage . .................. 35
6.2 BulkFe-Coalloys ............ciiiiiiiiiinennnn.. 36
6.3 Artificial structures . .......... .. 37
6.4 Multilayers . ........ ... 38
6.4.1 Magneticmoments . .............ouueuuurernnnn.. 38

6.4.2 Hyperfinefields.............. .. .. .. . ... 39



6.4.3 Interfaceroughness ............. ... .. ... ....... 40

6.5 Embeddedclusters ............ ... . ... . . ... 42
6.5.1 Modelling the maximum moment .................. 46
6.5.2 Alloying the embedding matrix .................... 47

Non-collinear magnetism . ...............c. ittt 51

7.1  Criterions for non-collinear magnetism .................. 51

7.2 TIC02S€s . - oot 53

7.3 TbNis oo 53

74 FecFe . ..o 54

Magnetic NanoStruCtUres . . .. ... ....ee e vnee e e, 59

8.1 Reduced dimensionality ................ ... ... ..... 59

8.2 Frustration. ...............oiiuiiiiii i, 61

8.3 Substrates ... ....... .. 62

84 Cr,Mn,andFeonCu(l1ll) ........................... 63

85 VonCu(lll) ... 66

8.6 CoonW(001) ... 67

87 CronAu(111). ... o e 68

9 Perspectivesand outlook . ........ . ... . L il 69
10 Sammanfattning . .. .......... .. i 71

11 Acknowledgements ............... ... it 73



1. Introduction

This thesis consist of roughly 4-10% atoms. The vast majority of these atoms
are surrounded by so many other similar atoms that they are bulk like, i.e.
they are happily unaware of that this book is indeed not infinitely thick. If
the dimensions of this thesis would decrease, more and more of the atoms
would start to notice the effects of the interface between the papers and the
surrounding. Eventually no atom would longer be in a bulk like surrounding
and the behaviour of the atoms will thus be different. Exploiting the fact, that
atoms in systems where at least one dimension is in the nanometer scale have
different properties than in bulk systems, is the essence of nanotechnology.

In 1959, the demigod of physics Richard Feynman, gave a talk on the topic
“There is plenty of room at the bottom”, which virtually jump-started the field
of nanotechnology. Now, half a decade later, this field is hotter than ever. Fu-
eled by scientific curiosity and the search for novel materials with improved
properties, experimental techniques that can manipulate single atoms have
been developed and deposition processes have been refined so that it is now
possible to construct nanostructured materials consisting of small clusters, or
multilayers with thicknesses of a few atomic monolayers. These experimen-
tal developments allow for new possibilites for constructing materials with
tailored properties, by controlling their chemical composition and their struc-
ture.

In order to fully exploit the possibilites of nanostructured materials, well-
founded understanding of their behaviour is needed. This understanding can
be obtained either from experimental analysis of from quantum mechanical
calculations. Density functional theory (DFT) have during the last decades,
proved to be a valuable tool for such purposes. Based entirely on quantum
mechanics, DFT can in principle calculate the electronic state of a system
given no more information than the atomic number of the atoms, and often
also the structure of the system.! Using methods based on DFT, the properties
of nanosystems can thus be calculated. However, many of these methods rely
on the approximation that the system is indeed bulk like and infinite, by using
periodic boundary conditions, which renders these method less effective for
treating systems that lack translational symmetry.

ISince DFT yields an approximate solution to the full many-body problem of the system, it is
not always as accurate as one would wish. The shortcomings of DFT is not a major part of this
thesis, but is discussed to some extent in Chapter 2
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This thesis is focused on theoretical calculations of the magnetic proper-
ties of nanosized systems. The calculations have mostly been perfomed with
a real-space recursion method that does not need periodic boundary condi-
tions and is thus well suited to treat nanostructured materials. The method, has
been extended so that more general magnetic configurations, i.e. non-collinear
magnetism, can be treated.

The non-collinear implementation has been applied to calculate the mag-
netic structure of small metal clusters deposited on metal surfaces. The be-
haviour of small magnetic clusters make them interesting as possible candi-
dates for future recording media, where each cluster can hypothetically store
one bit of information by means of the magnetic configuration. The geome-
tries of the clusters also allow for experimental analysis using scanning tun-
neling microscopy which makes it possible to benchmark the accuracy of the
theoretical method. The magnetic stucture of small, fcc structured, iron clus-
ters embedded in copper, which are known to exhibit non-collinear ordering,
has also been examined with the newly developed method

An important strength of electronic calculations is that they can not only be
used to reproduce experimental findings but can also be used to predict new
materials with novel properties. Nanostructured materials, such as multilayers
or cluster based materials consisting of iron and cobalt have been proposed
as possible candidates for a high moment material. Such materials are higly
sought after for use in write heads in hard drives, since a high moment ma-
terial can create a high magnetization density which allows for more stable
recording media which in turn can be used to increase the storage density of
current hard drives. Several studies of such systems are presented within this
thesis.

The first part of this thesis is devoted to the theoretical background to the
calculational method used for the studies of the nanostructured systems. In
Chapter 2 a brief introduction to DFT is given. Chapter 3 describes the for-
malism of linear muffin-tin orbitals which are used as an efficient basis set. In
Chapter 4 the actual method is presented, with emphasis on the non-collinear
implementation.

A large part of this thesis focuses on the magnetic ordering of different ma-
terials, and in Chapter 5 the mechanism that cause materials to order magneti-
cally are reviewed. The treatment of magnetic ordering continues in Chapter 7
where criterions for stabilizing non-collinear magnetism are presented and
also discussed in terms of two different compounds. In that chapter, the exam-
ination of the magnetic structure of a fcc iron cluster embedded in copper is
presented as well. Chapter 6 covers the studies of iron and cobalt systems with
the goal of finding high moment materials. The chapter also includes a short
introduction to different aspects of materials properties that are sought for in
data storage applications. The magnetic structure of supported nanoclusters
are examined in Chapter 8 together with a presentation of important concepts
in nanomagnetism.



2. Density Functional Theory

2.1 The many-body problem

According to quantum mechanics, the information of the behaviour of any
system of electrons and atomic nuclei is contained in the many-body wave-
function, ¥, which can be obtained by solving the Schrodinger equation

HY =EY, 2.1)

where H is the Hamiltonian operator of the system and E is the total energy.
The Hamiltonian operator can be written (using atomic units) as

H= Z +Z|R RJ| -y ,,+Z’rl Z‘rl (2.2)

M i#j i i#j

where R and r are the coordinates for each nucleus and electron, Z denotes
the atomic number for each atom and M is the mass of each nucleus. The first
and third terms are the kinetic energy operators for the nuclei and electrons
respectively. The remaining terms are the Coulombic nuclei-nuclei, electron-
electron and electron-nuclei interactions. Since the Schrodinger equation for
the full Hamiltonian is in fact impossible to solve exactly for systems of more
than 2 particles, approximations must be introduced to simplify the problem.
The Born-Oppenheimer approximation is a fundamental approximation based
on the fact that the nuclei are much heavier than the electrons and therefore,
the motion of the electrons can be decoupled from the motion of the nuclei.
Even though the Born-Oppenheimer approximation gives a less complicated
Hamiltonian for the electrons, the problems of the electron-electron interac-
tions are still there and further steps need to be taken in order to achieve an
efficient solution to this many-body problem.

2.2 Density Functional Theory

The theorem of Hohenberg and Kohn [1] states that the total energy of a many-
electron system is uniquely described by its electron density and has its min-
imum at the ground-state density. This theorem is the foundation of Density
Functional Theory (DFT) which gives us the means to reduce the complicated
many-body problem to that of finding the ground state electron density. Kohn
and Sham [2] have shown that instead of solving the many-body Schrodinger
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equation in Eqn. 2.1, one needs to solve a single-particle equation which is
referred to as the Kohn-Sham equation’.

[V +ver s (0)]Wi(r) = &yi(r). (2.3)

The effective potential v, has then the form

) gy Ve (1), (2.4)
r—r|

Veff = Vext + 2/
where v,y is the external potential from the nuclei, the second term is the
Coulomb interaction with the electron charge density and the third term is
the exchange-correlation potential. The effective potential is a function of the
electron density. Since the density itself is a function of the one-particle wave
functions y;, the Kohn-Sham equations need to be solved iteratively until the
solution is self-consistent.

2.3 Local Density Approximation

All of the many-body effects from the original problem are now incorporated
in the exchange-correlation term. Unfortunately, neither exchange nor corre-
lation interactions can be described exactly within DFT, for real materials, so
these terms need to be modelled somehow. One simple, yet surprisingly effi-
cient, way to model the exchange-correlation potential is to treat it as the po-
tential of an homogeneous but interacting electron gas. This is called the local
density approximation (LDA) which is probably the most common exchange-
correlation approximation and works best if the density of the treated system
is only slowly varying. A refined model can be done by treating the exchange-
correlation potential as a function of not only the electron density but also the
gradient of the density, this is called the generalised gradient approximation
(GGA). Despite the fact that GGA should be a better model than LDA, since
it makes use of more information of the electron density, the use of GGA
does not always increase the accuracy of the results. Within both LDA and
GGA there exist several different parametrisation which are mostly based on
quantum Monte Carlo calculations.

2.4 Spin polarized systems

The treatment of the electron density has, in the previous sections, only con-
cerned non-spin-polarized systems. However the local density approximation
can be extended to handle spin polarized charge densities[4](LSDA) as well.

IFor a detailed derivation of the Kohn-Sham equation, c.f. Ref.[3]
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In the spin polarised case, the density n(r) is replaced with a generalized den-
sity matrix, p(r), as

n(r)

©); , mo)

n(r) = p(r) = o,

where 1 is the 2x2 unit matrix, m the magnetization density and
o = (0y,0y,0;) are the Pauli spin matrices. The corresponding wave
functions, y;(r), are then represented by spinors on the form of

oy au(r)
vi(r) = ( Bi(r) > (2.6)

where o;(r) and B;(r) are the spin projections. The density matrix is expressed

in terms of the spinors as
<[ e ou(r)Bi(r)*
: 2.7
E( o mw2> &P

The charge and magnetization densities are then expressed as

(2.5)

N
n(r) =Tr(p(r)) = ; )P, m(r) =LY, yir) o (n)yi(r), (28)

where N is the number of states for the system. Analogous to the density,
the external potential is also expanded to a 2x2 matrix and the non-magnetic
Kohn-Sham equation in Eqn. 2.3 can then be generalized[5] to

Z( Sop V2 + 28 (x )) Yip(r) = EdpWip(r) @ =1,2. (29
B
By decomposing the effective potential, ves, into a magnetic part, b, and a non-
magnetic part vnm, the Kohn-Sham Hamiltonian for a spin dependent system
can in the LSDA be written on a similar form as the density, so that

H=(-V>+wwm)l+b-o. (2.10)

The non-magnetic part of the Hamiltonian is diagonal and if the system is
collinear, i.e. has a global magnetization axis, the spin dependent part can also
be obtained in a diagonal form. Since the Hamiltonian is diagonal in spin-
space in the collinear case, the two different spin projections can not hybridize
with each other and can thus be solved independently.

When no unique global spin quantization exists, the magnetism is said to
be non-collinear. Depending on the degree of approximation, the non-collinear
magnetization can either be treated as a vector field, allowing for intraatomic
non-collinearity[6], or only considering interatomic non-collinearity. In the
latter case, each atom has a unique spin quantization axis. Within each atomic
sphere, the effective potential matrix can be transformed, in a local frame of
reference, to be diagonal along the local quantization axis.

In Chapter. 4, treatment of non-collinear spin densities in electronic struc-
ture calculations will be discussed further.
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2.5 Spin-orbit coupling

The LSDA Hamiltonian in Eqn. 2.10 does only incorporate scalar relativistic
effects. However, in order to calculate orbital moments and magnetic
anisotropies, the relativistic spin-orbit coupling must be taken into account.
This can be done by either solving the spin polarized Dirac equation, or by
adding a spin-orbit term to the scalar relativistic Hamiltonian[7-9], where the
spin-orbit contribution is treated self-consistently at each variational step, in
accordance to

H=Hg +EL-S, 2.1

where Hgg, is the scalar relativistic Hamiltonian and & is the spin-orbit cou-
pling strength

& o< ~35 (2.12)
which is depending on the atomic number and the spin-orbit effect is thus
larger for heavier elements. If the spin-orbit term is added to the Hamiltonian,
it accounts for the interactions corresponding to Hund’s third rule. In order
to incorporate the effects from Hund’s second rule, an orbital polarization[10,
11] effect can be introduced, by taking the following energy term

1
Eop = —EBLZ, (2.13)

where B is the Racah parameter, into account.



3. Linear Muffin-tin Orbitals

3.1 The eigenvalue problem

As shown in the previous chapter, density functional theory reduces the many
body problem into solving the effective one-electron wavefunctions in the
Kohn-Sham equation. The most common way to solve the Kohn-Sham equa-
tion is to express the wavefunction, ¥ in a suitable finite basis set, {y;} as
follows

V) = ) wil20:)- (3.1)

With this expansion, it is easy to express the wavefunction by only using the
coefficient vector {; }, or in an algebraic form u. This can be used to transform
the Kohn-Sham equations into a generalised matrix eigenvalue problem,

(H—€O)u=0 (3.2)

where H is the Hamiltonian matrix and O is the overlap matrix whose matrix
indices are defined as

H;; = (xilH[))

0ij = (Xil2j)-

There exists a wide variety of basis sets, each with their own advantages

and shortcomings. For the purposes of the calculations included in this work,
a localized and efficient basis is needed, which can be obtained with a basis set
consisting of linearized muffin-tin orbitals (LMTO). In this chapter, we will
deduce the basis set and also show how the LMTO basis can be transformed
between orthogonal and tight-binding representations. We will also show how
to construct the Hamiltonian for solving the eigenvalue problem within the
LMTO method.

(3.3)

3.2 The LMTO basis set

The LMTO basis set can be constructed by considering a muffin-tin potential
Vur (r) which is is described by an spherical symmetric potential V (r) within
a radius S of an atomic position, and is constant and equal to the muffin-tin
zero, Vyrz outside the radius. A single muffin-tin potential can then be written

as
V(r) r<S§

V = 3.4

b (x) { Vurz r=>S8 G4
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where S is called the muffin-tin radius and » = |r — R| . Consider the Kohn-
Sham equation for a single muffin-tin well centred at position R which is
embedded in the muffin-tin zero potential.

[—V2+Viur(r)] or(r,€) = egr(r,€). (3.5)

Since the muffin-tin potential is spherically symmetric, the solution can be
separated into an angular dependent part and a radial dependent part, so that

(PRL(I',S) = (PRl(rvg)YL(f)v (3.6)

where Y7 (7) is a spherical harmonic with the /,m quantum numbers combined
into the angular-momentum index L = {/,m} and the radial solution @g;(r,€)
is given by the radial Schrédinger equation, which can be solved by numerical
methods.

So far, the basis functions are energy dependent. This means that in order
to get accurate solutions to the Schrodinger equation, it must be evaluated
at a large number of energies which decreases the efficiency. However, as
pointed out by Andersen[7], the higher order energy derivatives of the radial
wavefunctions have small amplitudes. This makes it possible to expand the
radial solutions with a Taylor expansion and only include the first order term.

Pri(1,€) ~ Pri(r;€v) + (€ — &) Pri (1, €v), 3.7)

where ¢ is the energy derivative at a chosen energy €y, which is often selected
to be at the center of the band.

In the region outside of the muffin-tin well, where the potential is constant,
the solutions are determined by the Helmholtz equation. If the energy is the
same as the muffin-tin zero!, so that V7, — € = 0, then the equation has two
linearly independent solutions, which can be taken as the spherical Bessel
Jr,(r) and Neumann Kg ;(r) functions given as

Jri = s ()
{ R!/ Z(EIJ?L)I(S) ) (38)
Kri = (3)

We can now combine the solutions for the single muffin-tin potential outside
and inside of the muffin-tin radius, S.

QDRL(r,s)N{ Or(r,6y) + (e — &) Pre(r,€y) r<S 9

- KRIYL(F) r>_9

The irregular Neumann function Kg;, which goes to zero at infinity, acts as an
envelope function outside the muffin-tin. Inside the muffin-tin, the subscript

IThis particular choice of constant energy outside the muffin-tin radius is not necessary, but
simplifies the problem, and is one of the approximations included in the treatment of the muffin-
tin orbitals in an atomic sphere approximation (ASA).
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v denotes that the energy is calculated at the energy &,. The solutions inside
and outside of the muffin-tin can then be put together smoothly by choosing
appropriate linear combinations of ¢ and ¢ so that the wavefunction and its
first derivative are continuous at the muffin-tin boundary. This is true for the
muffin-tin orbital,

Kgrr r>3S ’
(3.10)
where {@y, @y }r;. {K, @y}, and {K, @, } g, are the Wronskians calculated at
the muffin-tin radius, S, centered at the atomic positions, R for the energy &, .
A Wronskian is defined as

{f.8}=r[f(ng(r)—f(r)g(r)] (3.11)

and ensures the continuity at the muffin-tin boundary. The linearized muffin-
tin orbitals, written in Eqn. 3.10, form a set of minimal, atomic centered basis
functions, that are almost energy independent around a given energy &,. Hence
they form a basis set well adapted for solving the Kohn-Sham equations for
crystals.

%m(r’g):{ [0, 0t LK. v g Oriy — (Ko v Orin] 7 < S

3.3 Atomic sphere approximation

If the system is a periodic close packed crystal, the whole crystal can be ap-
proximated as being filled with muffin-tin spheres with radii chosen so that the
volume of one sphere is equal to the atomic volume. The muffin-tin spheres
are overlapping to some extent, and the interstitial parts are neglected. This
approximation together with the aforementioned energy-independent solution
outside the muffin-tin spheres are included in the atomic sphere approximation
(ASA). This is an approximation that works well for close packed systems and
has the advantages of being efficient and physically transparent. For structures
that lack close packing, so called empty spheres can be included at well cho-
sen positions to decrease the overlap and simulate a close packed structure. In
the ASA, the irregular envelope function Kg;, of a muffin-tin orbital centered
at R can be expressed inside a neighbouring sphere centered at R’ in terms of
regular (Bessel) functions Jg/; as

Krr(rr) = — Y SrerrJrr () (3.12)
R'L

where rg =r — R, rg = r — R’ and rg < Sgi. The expansion coefficients
Srrrr are referred to as the structure constants since it can be shown that

they only depend on the crystal structure.
Furthermore, we can expand the envelope function Kgy(rgr) in terms of
linear combinations of @rzy(r) and ¢rgy(r), by matching the regular ex-
pansion functions Jg/z/(rr), centered on off-site positions, to ¢r/z/y (rgs) and
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¢r'/v(rr). The envelope function Kgy(rr) can with the use of Wronskians
be written as

Kri(rr) = —YrSrerry  [{rr, @y v orioy (rr)
. (3.13)
—{Jrr, v trr Pry (rr))-

Substituting 3.13 in to equation 3.10 gives us the muffin-tin orbitals expressed
in terms of @Rz (r) and ¢rpy(r).

3.4 Representations

The LMTO basis can be represented in different ways, each having its own
special properties. Two of the most used representations are the orthogonal
representation and the tight-binding representation, which has screened struc-
ture constants so that they are short-ranged. As we will show later on, the
"nearsightedness’ of the tight-binding representation makes it a suitable choice
for using in the recursion method (c.f. Chapter 4). However, the use of an or-
thogonal representation simplifies the eigenvalue problem so in order to get
an optimal basis, we want to use an orthogonal representation of the LMTO-
ASA, but express the Hamiltonian in tight-binding parameters. In the follow-
ing section we will briefly show how this can be done. For more details, see
Ref. [12]. Using bra-ket notation, we can write the expansion of the envelope
function, extended over all space,|K)*, as

IK)” = |K) —|J)S. (3.14)

Since linear combinations of |K) and |J) are solutions to the Helmholtz equa-
tion, we can mix an amount o of irregular |[K) solutions to the regular |J)
solutions and get

IJ = |I) + a|K). (3.15)

This mixing of solutions can be seen as a screening of the envelope function
by adding multipoles on neighbouring spheres. Combining Eqn. 3.14 and Eqn.
3.15, we get the screened envelope function |[K%*)* as

IK*)” = |K) — [J*)S*. (3.16)

The new screened structure constants S* are related to the bare (canonical)
structure constants, S, as

S*=S(1—as). (3.17)

Optimal values of a that limits the range of S® to essentially second near-
est neighbours have been found empirically[13]. These values of o gives
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the tight-binding representation of the LMTO basis (TB-LMTO), with the
screened structure constants S.?

According to Eqn. 3.10 and Eqn. 3.13 we can write the basis function |y)
as a linear combination of |¢@) and |@). In a similar fashion, the screened basis
function yg;°, extending over the whole space, can be expressed in terms of
@Ry (r) and @grpy (r) which can be written as

247 = @) +|¢*)h® (3.18)

with
[9%) = |9) +]¢)o” (3.19)
where the matrix h* is obtained in the augmentation process determined from
the expansion of the envelope function, and 0% ensures the smoothness of

the augmentation. Within this choice of basis o, the Hamiltonian H* and the
overlap matrix O%, defined in Eqn. 3.3 is given by

H” = (x*|H|x*) =h* (1 +0%h*)+¢&,0% (3.20)
0% = (x*|x%) = (1 +0°h%) (0™ + 1) |
where we have used the relations
:1 .a p— a r f—
(plo) (pl9*) =0 {pl9) =0 (3.21)

(pl¢)=p (99[¢%) =p* =0%+p

and actually neglected the small parameter p.

If the screening o is now chosen as a particular value ¥ so that 0¥ becomes
zero, the overlap matrix becomes the identity matrix and the basis is orthogo-
nal. The Hamiltonian in this orthogonal representation is easily written as

HY = b +e,. (3.22)

As mentioned earlier, our goal is to use the orthogonal representation but ex-
pressing the Hamiltonian by means of tight-binding parameters. By compar-
ing the terms for a general representation with an orthogonal representation
using Eqn. 3.18 and Eqn. 3.19 we get the following relationship

h” =h*(1+0%%)". (3.23)

Since this is true for any representation ¢ it also holds for the tight-binding
representation and we can write

h? = h(1+ah) " (3.24)

2The different representations can be distinguished in various ways. In this thesis, canonical
representations are without superscript, a general representation has the ® superscript, the or-
thogonal representation has the 7 superscript, and the tight-binding representation uses a bar
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and if oh is small we can expand the inverse in a exponential series and write
the Hamiltonian as

Y = €, +h —hoh +hohoh — . .. (3.25)

Depending on accuracy, the expansion of the Hamiltonian above can be trun-
cated at a suitable place. For our purposes it is often enough to keep only the
first three terms.

3.5 The Hamiltonian

By taking a closer look at the augmentation process, the expressions for h®
and 0% can be identified in order to set up the Hamiltonian and overlap matri-
ces. Using the basis functions expressed in terms of |@) and |¢) (Eqn. 3.18)
together with the description of the envelope function in a general representa-
tion (Eqn. 3.16), allows us to identify the h% matrix, which can be written as
(not showing the indices RL,R’L’ and v)

a_ {K7(P} % o o g0 %
h* = {K,(pa}+\/;{1 L0} S {J ,(p}\/; (3.26)

and furthermore, the diagonal matrix 0% is expressed as
o _ {‘]a7(p}_ {Ja(p}_{Ka(p}Qa
0 =" Ta - o
{‘] ,(P} {Ja(P}_{Ka(P}Q

In order to get an abbreviated form of the Hamiltonian we introduce the po-
tential parameters C% and A% through the relations

{ Cc% = &y {K, 0}

(3.27)

K97 (3.28)
A% =2{]% ¢}?

where C is related to the position of the center of the band and A is related to
the width of the band. For the tight-binding representation, this gives

h=C—g, —A/25A1/2, (3.29)

where C and A'/2 are diagonal matrices.
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4. The recursion method

The LMTO-ASA basis set, derived in the previous chapter, proves an efficient
basis for use in electronic structure calculations. The efficiency comes from
a number of factors. The basis set is minimal, using only one basis function
per orbital. Furthermore the basis set, at least in the screened, tight-binding,
representation is highly localized.

Regardless of the basis set, solving the eigenvalue problem formulated in
Eqn. 3.2 by diagonalization causes the computational cost to scale as &'(N?)
where N is the number of atoms. Since most bulk materials have translational
symmetry, N can usually be kept to a small number and the cubic scaling is
thus seldom a problem for calculations of bulk systems. However, for sys-
tems where the periodicity is broken, such as surfaces, defects or embedded
clusters, the dimensions of the supercell that are needed to describe the system
properly, can grow to sizes where a & (N*) method would be too time consum-
ing. For such systems, other methods of calculating the electronic structure
may be better suited. There exists several methods that calculates the elec-
tronic properties without solving the actually eigenvalue equation and where
the computational cost scales as &'(N). An extensive review of &(N) methods
is given in Ref. [14].

An O(N) method that has been used to a large extent in this thesis is the
recursion method. The main idea behind this method is to perform, using a
recursion formula, a basis change from the original basis to one where the
Hamiltonian is tridiagonal, and from that tridiagonal Hamiltonian calculate
the local density of states for each atom by using a continued fraction. The
recursion method was originally developed for use in solid state physics by
Haydock and coworkers [15]. A complete and more formal coverage of the
method can be found in Ref. [15], but in the following sections we will outline
the main features of the method.

In addition to presenting the recursion method, a brief review of an &'(N)
method based on density matrix purification theory[16], that was used in Pa-
per I, can be found in Section 4.7.

4.1 The chain model

First we need to show how the Hamiltonian of a quantum mechanical system
can be transformed to a tridiagonal (Jacobi) form. Consider a model, as in
Fig. 4.1 where an electron has its initial state ug as an orbital on an atom
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in a solid. Furthermore, the states u; and u; are states representing a linear
combination of orbitals on the atoms that are nearest neighbours and next-
nearest neighbours to the atom where ug is located. The electron at ug can

Figure 4.1: Schematic picture of states expanding in space around the central atom.
Here the initial state ug is the black circle in the middle, surrounded by the state u;
(dark gray) and u; (light gray)

hop to u;, whereas when the electron is in uy, it can hop to either ugy or u,.
This corresponds to a chain model such as in Fig. 4.2.

a0 al a3
O b1 O b2 O
ud ul u2

Figure 4.2: The recursion procedure produces an one-dimensional chain model. The
set {a,} corresponds to the on-site energies while the {b, } set describes the hopping
between states.

If we take ug,uj,uy,..,uy as orthogonal states, so that an electron posi-
tioned on state ug can only hop to the nearest state u;, while electrons in the
middle of the chain, say u, can hop to itself or to the neighbouring states u,,_
and u,; . If we then have the sets of parameters {ao,aj,...,ay} for describing
the on-site energy and {b;,b,,...,by} for describing the hopping parameters
between states, then these sets of parameters describe the action of the Hamil-
tonian, H, on the states by the following recursion relation

Hu, = a,u, + b, 10,11+ by 1w, 1. 4.1)

This recursion is symmetric since the component u,; in Hu, is identical to
u, in Hu,; which is a consequence of the hermicity of the Hamiltonian. If
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we represent the state u,, as a column vector where the element # is one and
all other elements are zero, we get the Hamiltonian in the basis of these states,
and due to the recursion formula it looks like

ag by 0 O
by ap by 0

H=| 0 b a by ... |. (4.2)
0 0 b3 a3

The sets of parameters a, and b,, are called the recursion parameters and are
used for constructing the continued fraction that is used for calculating the
local density of states for the initial orbital. With the chain model, states lying
far from each other can only be reached by hopping though the intermediate
states. The consequence of this is that the initial state is mostly influenced
by the nearest lying states while the effect from other orbitals, located further
away, diminish with the distance to the site of the initial state. The conse-
quence of this is that the chain model gives a localized picture of the orbitals
which as we will see further on is a very important feature for treating the
system efficiently.

4.2 Calculation of the recursion parameters

The parameters {ag,ay,...} and {b;,by,...,} can be calculated for an desired
orbital in the following way. First, we chose the starting state ug to be the
orbital of interest. For example, if want the local density of states of an muffin-
tin s orbital on an atom, we simply take ug to be an @ orbital localized on that
atom. As previously done, the states are represented by column vectors, and
we also introduce the overlap matrix O for relating overlap between states to
matrix multiplications. The overlap matrix O must be self-adjoint and positive
definite in order to represent the hermitian inner product of two states.

The first step is, using the recursion relation for state wp, which is assumed
to be normalized for the sake of convenience,

Huy = agug + bjuy, 4.3)

where the left hand side is known, and ag, b; and u; need to be determined.
From Eq. 4.3 a¢ can be determined by multiplying with ug from the left. Due
to the orthonormality of the states, ugblu 1 = 0 so that ag can be calculated as

ap = USOHU(). (4-4)

The next step is to find b; and u; which can be done by subtracting aguy from
Eqn. 4.3 and using orthonormality once again to extract b? as

b? = [(H — ag)uo|"O[(H — ap)up). (4.5)
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Since the inner product is positive definite, b% is greater than zero. By taking
b1 as the positive root of b%, u; can be obtained as

u; = [(H—ao)ll()]/bl. (4.6)

As seen in Eqn. 4.6, u; is orthogonal to uy and normalized. When these pa-
rameters and states are determined the procedure can continue to obtain the
parameters for the chain.

A general step of calculating u, 1, a, and b, once the preceding param-
eters are calculated from Eqn. 4.1 is as follows. Similar to the calculation of
the first parameters, the orthonormality of the states yields the parameters as

a, =uOHu,, 4.7)
b:, = [(H—a,)u, —bu, 1]'O[(H-a,)u, —bu, ] (4.8)

and
w1 = [(H—ap)u, —byuy_i1]/bnii- (4.9)

With this procedure, the chain does not terminate until the new state has norm
zero. The termination of the chain means that the smallest invariant subset of
the initial state has finite dimension. For solid-state systems, the chain does not
terminate in general, but continues to infinity. However, as noted previously,
states far from the initial state contribute less and less, and in practice, the
chain can be terminated even though the final states are finite.

4.3 The continued fraction

With the transformation of the Hamiltonian, and the calculation of the sets of
the recursion parameters {a, } and {b, }, the first part of the problem is solved.
What is needed next is to from these parameters calculate the local density
of states, N(E). This is done by using the properties of Green functions of a
finite chain.

A local Green function between two states u and v has the form of

Gw(Z) =u'0(Z—H) v, (4.10)

where Z is a complex energy. If the two states are identical, the result is a
general diagonal Green function Gy (Z), which for a state u is written as

Goo(Z) = u}0(Z —H) u,. (4.11)

The Green function has simple real poles and each pole has a positive residue.
The local density of states, N(E), for uy is related to the residues of Gy at
its singularities. By spectral decomposition of the Green function, it is found
that the local density of states is the total density of the eigenvalues weighted
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by the squared magnitude of the overlap between each eigenstate and uy. By
considering the imaginary part of the Green function closing in on the real
axis by letting the complex part of the energy i€ go to zero, it is found that
1
N(E) = lim —3[Goo(E +i¢)]. (4.12)
E—

Thus, the local density of states can be calculated from the imaginary part of
the diagonal Green function. Using the previously obtained results from the
chain model, the local Green function corresponding to ug can be calculated

from the local Green function (Eqn. 4.11) with the Hamiltonian expressed in
the basis of the orthogonal states {u,} (Eqn. 4.2) as

E—ay —b; 0 0
-by E—a —b 0
Goo(E) 0 —by E-—ay —b;3 (4.13)
0 0 —b3 E — as
L doo

An inverse element of a matrix can be written as the ratio of the co-factor!
of the element to the determinant[17]. Let us define the determinant of the
matrix with the first n rows and columns deleted as D, (E) so the determinant
of the whole matrix is Do(E) and D, (E) is a co-factor of D, (E). With this
notation, Ggo can be written as

Goo(E) = = (4.14)

Do(E)/Di(E)
A Laplacian expansion of the determinant Dy(E) by its co-factors[18] gives

us
1

~ E—ay—bDy(E)/D (E)

Goo(E) (4.15)

and by continuing the expansion of the determinants we end up with the con-
tinued fraction of

Goo(E) = (4.16)

bi

E —ap— 02

E_a]_izhz
—an— 3

E-ay E—az—..

Since the continued fraction has the same number of {a,} and {b,} as the
chain model and normally the chain continues into infinity, the fraction has to
be terminated in some way in order to be possible to evaluate. Since we want

A co-factor C; j is the determinant of a matrix with row i and column j removed. The sign of
the co-factor is depending on i and j as (—1)"*/.
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the method to be as efficient as possible while still maintaining the wanted
accuracy, it is crucial that the fraction is terminated in a clever way. Just stop-
ping after a given number of recursion steps and terminating the fraction with
the latest calculated parameters is usually not enough, so some sort of extrap-
olation is warranted. If the choice of the terminator is bad, the bands of the
orbitals will be falsely described, often with spurious peaks close to the band
edges. For metals it is common that the recursion parameter converges for
large n to constant values a. and b.. and therefore a suitable choice is to ex-
trapolate the calculated parameters to their converged numbers and from these
numbers construct the terminator #(E) as

1

{(E) = — 4.17)
E —og — ——————2———

E—a.—

b2,
E—aco—...

Using this terminator #(E) to terminate the fraction after the already
calculated parameters usually gives good results for metals. This particular
choice of terminator is called the square-root terminator or the Beer-Pettifor
terminator[19]. The converged values a.. and b.. defines the band center and
band width. It is worth noting that it is difficult to find suitable terminators
for systems with gaps in the bands such as semi-conductors. The recursion
parameters for these systems do not converge towards fixed values and the
square-root terminator does not manage to describe the band edges and band
gaps, so in these cases other ways of terminating the fraction, often combined
with analytical methods must be used.

4.4  Self consistency

The recursion method gives, with a well chosen cluster geometry and an accu-
rate number of recursion steps, a good description of the local density of states
(LDOS) for the orbitals that the recursion is performed for. But the LDOS in
this case is dependent on how the Hamiltonian is set up, and as we know from
Eqn. 2.3 and Eqn. 2.4, the Hamiltonian is dependent of the total density of
states of the system and therefore also of the LDOS. So in order to get correct
results, the recursion algorithm must be combined with a way to update the
Hamiltonian and repeat the procedure until self-consistency is obtained.

In our implementation[20, 21], the Hamiltonian and the initial orbitals are
defined in the orthogonal LMTO-ASA basis, expressed in tight-binding pa-
rameters. This allows us to use the recursion method for obtaining the local
density of states for the wanted muffin-tin orbitals, by constructing the Hamil-
tonian from the potential parameters as

H =g, +h—hoh (4.18)

with
h=C—g, +AYV25AY/2, (4.19)
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where C, 6 and A are potential parameters and S is the structure matrix in the
TB-LMTO-ASA representation. As shown in Section 3.5, the potential pa-
rameters can be constructed from the Wronskians that ensures smooth match-
ing of the wavefunctions at the muffin-tin radius. It has been showed, that the
wavefunctions within the muffin-tin sphere, can be uniquely determined from
the occupation of each band (s,p, and d) at the site, the first and second mo-
ments ug, of the local density of states, Ngr.(€), and D; = @rry (r)/ Qreyv(r), at
the muffin-tin sphere boundary. A self-consistent solution of the LMTO-ASA
problem with the recursion method can thus be obtained by, from a starting
guess of the potential parameters, constructing the Hamiltonian according to
Eqns. 4.18 and 4.19 and calculate the LDOS for each orbital with the recur-
sion method. The LDOS can then be integrated to calculate the zeroth, first
and second order moments of the bands where the zeroth order moment cor-
responds to the occupational number of the orbital. From the moments, the
wavefunction inside the muffin-tin spheres can be determined” and a new set
of potential parameters can be calculated. This process is then repeated until
self-consistency is reached.

4.5 Non-collinear magnetism

In the previous sections we showed how the recursion method can be used in
order to calculate the local density of states for selected orbitals in a system,
and we now turn out attention to how the spin polarized density of states can
be calculated. According to Eqn. 4.10, the spin polarized density of states
m(¢€), shown in Eqn. 2.8, can be expressed as

m(e) = f%STr 6G(e)], 4.20)

where G is the local Greens function and o = { oy, 0y, 0. } are the Pauli matri-
ces. In the case of collinear magnetism, a global magnetization axis exists and
the magnetic density of states can be calculated as

m(e) = —%sm (6.G(e)], @21)

using only diagonal elements of the Green’s function which can readily be
obtained with the recursion method as outlined in previous sections.

In order to calculate a generalized non-collinear magnetization density,
then according to Eqn. 4.20, evaluation of non-diagonal parts of the Green’s
function is in principle needed. With the use of the recursion method,
non-diagonal elements of the Green’s function can be calculated either by

2Knowledge of the logarithmic derivatives of the wavefunctions, D; = @gry (r)/@rry (), at the
sphere boundaries is also needed for constructing the wavefunction, but D; can be obtained
from the moments of the LDOS and potential parameters from the previous iteration.
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performing several recursion procedures, starting from carefully selected
linear combinations of muffin-tin orbitals[15, 22] or by performing block
recursion calculations[23, 24]. However, the calculation of the off-diagonal
parts is computationally more demanding and is avoided in the approach
outlined below.

According to Sec.2.4, a local spin quantization axis can be found within
each atomic sphere if the magnetization density is approximated so that only
interatomic non-collinearity is considered. In principle it should then be pos-
sible to rotate the spin density matrix in spin-space so that the local spin axis
is diagonal with o,. Then the magnetic density of states can be evaluated with
Eqn. 4.21 using only diagonal parts of the Green’s function. In order to find
the angles needed for the rotation of the density matrix, the direction of the
local spin axis need to be known. Since this is usually not the case, the spin
polarized density of states need to be obtained in a different fashion.

Since o, is diagonal, m,(€) can according to Eqns. 4.20 and 4.21 be ob-
tained using only diagonal elements of the Green’s function. If o can be ro-
tated to o’ so that o is diagonal, then m,(€) can also be obtained. Additional
rotations to diagonalize Gy’ and obtaining m,(€) would finally allow us to con-
struct m(€). The problem is now to find and perform these rotations.

It can be shown that a rotation in the form of a unitary transformation, %/,
applied to the Hamiltonian, H' = % H% ', transforms the Green’s function in
the same way so that G’ = % G% *. Using the unitary property % "% = 1 and
the fact that cyclic permutations of matrix multiplications conserve the trace
of the product, the generalized magnetic density of states in Eqn. 4.20, can be
written as

m(e) = —%gtr{a%T%G%T%} = —%STr [0'G'], (4.22)

where o’ are the Pauli matrices after the unitary transformation.

Now, by choosing unitary matrices % and %, which makes o, and o
diagonal we can calculate m,(€) and m,(€) through the diagonal elements of
G. These transformations correspond to the spin rotations

o, =U Gﬂ/f =0, and o) = %zcﬂ/; = 0,. (4.23)

A unitary transformation %4 for making o, diagonal, which is the identity
matrix can also be defined.

The Hamiltonian can be separated into a spin-independent, H and a spin-
dependent part B, similar as in Eqn. 2.10,

H=H"1+B 0. (4.24)

If we now perform a unitary transformation on the Hamiltonian, only the spin-
dependent part will be affected, so that

H =H1+B - %oc%". (4.25)
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The matrix elements of the Hamiltonian can now be constructed using
LMTO parameters in the most localized representation in the first order ap-
proximation of Eqn. 4.18. We index the site and orbitals of the matrix elements
with subscript Q = RL and denote the spin-independent parts of the potential
parameters with superscript 0 and the spin-dependent parts with superscript
13. The matrix elements of the spin-independent part H° of the Hamiltonian
then looks like

i - 1/2 - 5 1/2 -1/2 - = 1/2
Hpo = Co+AY) / SQQ,AO,/ +4) / SooAly / mg-my (4.26)

and the spin-dependent part can be written as

_ - 1/2 - 5 1/2 12 - = 1/2
Boo = (Cop+AL Soohl Imo+AY "SooAL my (4.27)
vl 1/2 - 1 1/2
+ AQ SQQ/AQ, mp X Mgy (4.28)

With the Hamiltonian built up of these matrix elements, the recursion method
can now be used three consecutive times, for the unitary transformations %/,
%> and 7/3 in order to obtain m,(€), my(€), and m.(€). By integrating the
components of the spin polarized DOS up to the Fermi energy, the direction
of the local spin axis can then be obtained.

4.6 Spin-orbit coupling

In order to take relativistic effects into account then, according to Eqn. 2.11, a
spin-orbit coupling term can be added the Hamiltonian so that

H = Hy, + Hso, (429)

where H;, is the scalar relativistic part of the Hamiltonian and Hgo includes
the spin-orbit coupling (L - S, and may also include an orbital polarization
correction term according to Eqn. 2.13. In the case of a collinear magnetiza-
tion density, Hy, is given by the LMTO-ASA Hamiltonian defined in Eqn. 3.25
and the addition of the Hgp term makes no difference for the procedure of the
recursion method, except that the spin-up and spin-down parts of the Hamil-
tonian are no longer decoupled from each other.

The inclusion of the Hgp term is not restricted to collinear magnetization
densities, and if non-collinear magnetization densities are considered, then
Hjo is added to the Hamiltonian in Eqn. 4.25. Since Hsp is spin dependent,
the rotation U operates on Hgp resulting in

H =H°1+B-UoU' +UHsoU". (4.30)

According to the procedure in the previous section, U can then be varied in
order to to obtain the magnetization density in the three orthogonal directions

3 As an example, A? = (AT +Al)/2 and A! = (AT —A})/2
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needed. Compared to the scalar relativistic treatment, the rotation operator U
correspons to a rotation in real space as well as in spin-space, compared to
Z that only need to rotate in spin-space. The real space rotation with U is
performed in order to obtain orbital moments and related anisotropy energies.

4.7  O(N) with Density Matrix Purification

One of the few limitations of the recursion method is the difficulty to construct
continued fraction terminators that can treat band gaps well, and the method
is thus in practice limited to metals. This is a peculiar fact since most &(N)
methods only work for materials that have a band-gap. One class of ¢(N)
methods that need a gap is based on density matrix purification[16]. The ba-
sic idea behind density matrix purification theory is that the single-particle
density matrix, P can be obtained as

P =6(ul—H) = lim Fy(F, 1 (. Fo(H)...)), (4.31)

where [ is the identity matrix and 0 is the Heaviside step function, which
projects all Ny eigenvalues of the occupied states of the Hamiltonian H to
1 and all eigenvalues of the unoccupied states above the chemical potential
u to 0. In Fy(H) the eigenvalue spectrum of H is rescaled to the interval of
convergence, typically [0, 1], in reverse order with the highest (unoccupied)
eigenvalue close to 0 and the lowest (occupied) eigenstate close to 1. The
polynomials F;, in Eqn. (4.31) gradually shift the eigenvalues toward 0 for the
unoccupied states and toward 1 for the occupied states, resulting in a more
“purified” approximation of the density matrix for each iteration.

At convergence, the density matrix given by Eqn. (4.31) fulfill

Tr(P) = Noc,
I (4.32)
[P,H)] = PH — HP =0,

where N, is the number of occupied states. If a localized basis set is used,
the density matrix can become sparse for non-metallic system due to the ex-
ponential radial decay of the Wannier functions. The ¢'(N) behaviour comes
from the fact that the purification steps can be performed by using only matrix-
matrix multiplications, for which the computational cost scales linearly with
system size if the matrices are sparse.

There exist a wide variety of purifications schemes, and in Paper I we
present an implementation of two density matrix purification methods us-
ing a LMTO-ASA basis set. The two schemes that have been implemented
is the second order trace correcting scheme and the fourth order trace reset-
ting scheme. A brief discussion of these two schemes follows below and more
details regarding these methods can be found in Refs. [25] and [26].
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4.7.1 Trace correcting purification

The McWeeny purification requires knowledge of the chemical potential,
which in general is unknown. This problem can be solved by an adaptive
guessing procedure, but that would increase the computational cost. With the
trace correcting schemes, the number of occupied states, N, is enough, and
the chemical potential is thus not needed . In the 2"d-order trace correcting
purification scheme (TC2) with the operators expressed in an orthogonal
representation, the density matrix P() is given by

Emax] —H

X =FH)=—"——, 4.33)

max — €min
Xo+1 = Fu(Xy) = X0+ 0u(I — X)) Xar, (4.34)
P=1imX,. 4.35)

n—oo

The trace correcting sign factor, 0, = +1, is chosen to minimize the occu-
pation error in the updated approximation, AN, = |Nocc — Tr(Xy+1)|- The
constants €m,x and €n;y are upper and lower estimates of the highest and low-
est eigenvalues of H. Using these spectral bounds, H is normalized to X;, with
all its eigenvalues in reverse order, rescaled and shifted to the interval [0, 1].
The change in the occupation between two iterations, i.e., the trace correction,
can be used to estimate the idempotency convergence since

ITr(Xpt1) — Tr(X,)| = |Te[(I — X)X, (4.36)

which vanish at idempotency when X, = (X,,)*.

4.7.2 Trace resetting purification

In the case of degeneracy and fractional occupation the density matrix is not
idempotent, i.e. the eigenvalues of the the degenerate states are not fully oc-
cupied or non-occupied. Trace correcting purification does not work for these
problems. Instead, a hybrid trace resetting purification scheme can be used
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which can be explained by the following algorithm

X1 = (&max] —H) /(€max — €min)
while Error > ErrorLimit
T = (Noce = Tr[f(X,)]) /Tr[g(Xa)]
if ,>6
X1 = 2X, — X2
else if 7%, <0

Xpi1 = X2 (4.37)
else

Xpi1 =4X7 —3X3 4+ 1. X2(1 - X,)?
end

estimate Error
end while
P =X,

In trace resetting purification a fourth order purification polynomial is used, if
T € [0,6], to expand the step function and force the trace to be correct after
each iteration. If ¥, is outside of the interval, the trace resetting may project
eigenvalues out of the range of convergence and instead the second order trace
correcting scheme is used. The trace-resetting scheme requires no knowledge
of the chemical potentials or the band-gap, it performs well both for high and
low occupation, and the scheme converges to the correct occupation both in
the case of degeneracy and fractional occupation.

4.7.3 LMTO self-consistency

As was discussed in Sec. 4.4, the electron density and the potential inside a
muffin-tin sphere and the corresponding potential parameters can be uniquely
determined[27] from the occupation of each band (s,p, and d) at the site, the
first and second moments ug, of the local density of states, Ngz(€), and the
logarithmic derivative D; = @gry (r)/Qrrv(r), at the sphere boundary.

Since we are working with nearly energy independent density matrices, the
local density of states is not readily obtained in an explicit form. However, the
local density of states can be written as

Mre(€) =Y |(@re| W) 8(e — &), (4.38)
i
which can be used to evaluate the moment (" of order n as

Mg = /8’1«/‘?@(8)(18 =
(QrL|H"|Qrr) = Trpe [PH"]. (4.39)
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Once the density matrix P is obtained, all moments of order # is thus obtained
by taking the trace of the product of P and H". The logarithmic derivative can
be determined from the calculated moments and the potential parameters.

From the obtained moments and the logarithmic derivatives, the charge den-
sity inside the muffin-tin spheres can be calculated and new potential param-
eters and a new Hamiltonian can be obtained. This procedure can then be
iterated until self-consistency is achieved.
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5. Magnetic ordering

The magnetic configuration of a single isolated atom can be determined with
the use of Hund’s rules. When atoms form solids, their magnetic behaviour
is however not as predictable due to the competitions between the exchange
interactions which favor the magnetization of magnetic moments and the ten-
dency of electrons to hop from atom to atom in the material. If the exchange
interactions in the solid are weak, the solid will lack a global magnetic order-
ing even though the constituting atoms have a finite moment in their atomic
configuration. More pronounced interactions may result in one of a variety of
magnetic orderings, such as these illustrated in Fig. 5.1

(2) (b) ()

Figure 5.1: Examples of magnetic orderings. From left to right, the magnetic order is
ferromagnetic, antiferromagnetic, and non-collinear.

Magnetic orderings where there exists a global magnetization axis along
which the spins align either parallel (ferromagnetic) or antiparallel (antifer-
romagnetic) to each other, as depicted in the first two panels of Fig. 5.1, are
the most common orderings. If no global magnetization axis is present, the
magnetic ordering is non-collinear. While the cause of ferro- and antiferro-
magnetic ordering can often be predicted and described with the use of well
established theories, the origins of non-collinear ordering are usually not as
well understood. In Chapters 7 and 8 of this thesis, different causes for non-
collinear magnetic orderings will be discussed in detail. We will however pre-
cede these results by reviewing the theories considering the origin of ferro-
magnetic and antiferromagnetic ordering.
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Figure 5.2: Schematic view of itinerant electron bands spin-split by a factor A.

5.1 The Stoner criterion

Stoner theory describes the competition between the kinetic energy and the
exchange energy for a system of itinerant electrons. A detailed derivation of
the Stoner criterion can be found in many textbooks, i.e. Refs. [5] and [28].

Consider an itinerant system with almost free electrons moving in a crys-
tal field, resulting in an continuous density of states, N(¢). The stability of
the non-magnetic state can be probed by introducing a magnetization in the
system by moving electrons from one spin channel to the other. The magneti-
zation, m causes a splitting A, between the two different spin bands, which can
be seen in Fig. 5.2. In Stoner theory, the splitting A depend on the effective,
or Stoner, exchange interaction / so that, A = Im. The spin dependent density
of states N°(&) can be expressed as the non-magnetic DOS N°(¢) shifted by
A/2 so that

N'(g) =N° (e+l'2”> , Ni(e)=N° (s—l';). (5.1)

Since the number of occupied electrons N, is calculated by taking the sum
of the spin dependent density of states and integrating to the Fermi level &f,
and the moment m is obtained by integrating the difference of the spin depen-
dent density of states to &g, two equations for determining &z and m can be
constructed as m = F(m) with

SF(m
F(m) = / : [NO <€—|— I’;) —N° (8 - I;nﬂ de, (5.2)

which need to be solved self-consistently.
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F(m)

Figure 5.3: Graphical solutions fo F(m) = m for the Stoner model. Function A has
only a non-magnetic solution while function B has two magnetic solutions as well as
a non-magnetic solution.

From Fig.5.2, we see that for a sufficently large splitting A, the moment m
will be saturated with a value m™ corresponding to a total spin polarisation.
Until the moment saturizes, F (m) will increase with increasing splitting i.e.
F'(m) > 0. From these observations, we can sketch two possible functions
F(m), which are shown in Fig. 5.3. The function denoted by A has only the
trivial non-magnetic solution m = 0 while the funcion B has three possible so-
lutions, m = £mg and m = 0. This non-magnetic solution is however unstable.
The derivative F’(m) can be obtained from Eqn. 5.2 as

1 Im Im
F'(m)== [N (ep +— )+ N°( & — —
=g ¥ (e g ) on (o)
Im Im\ | de
NY =) N (e - )| S 53

+ |: Er + 3 Er 2 am (5.3)
For m = 0, Eqn. 5.3 reduces to F’(0) = IN°(&r). From Fig. 5.3 we see that a
sufficient condition for a ferromagnetic solution is F/(0) > 1, which gives the

Stoner criterion
IN®(er) > 1. (5.4)

The Stoner factor / is a material specific property and can be calculated using
density functional theory.

According to Stoner theory, a transition to a ferromagnetic phase can thus
be obtained when the non-magnetic phase exhibits a large density of states
at the Fermi level. This is the reason for the occurrence of ferromagnetism
among the elements in the late 3d series,(Fe, Co, and Ni), where the spatially
localized wave-functions of the 3d electrons cause a high density of states at
the Fermi level and a rather large value of /.

A ferromagnetic state can for certain conditions be unstable towards anti-
ferromagnetic ordering. That means that the energy can be lowered by form-
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ing two sublattices, where the magnetization m have different directions for
each of the sublattices. The antiferromagnetic ordering can ocur if the antifer-
romagnetic susceptibility Y4ry is larger than the ferromagnetic counterpart
xrum- It can be shown, using Heines[29] crossing theorem with a moments
expansion of the susceptibilities[30], that the quantity Yary — Xrym changes
sign twice as a function of the band-filling. As a result of these crossings,
compounds with half-filled bands are more prone towards antiferromagnetic
ordering, while materials with low or high band-filling prefer to order ferro-
magnetically. This explains why Cr and Mn tend to form antiferromagnetic
compounds.

Antiferromagnetic ordering can also be analyzed in terms of the
q-dependent susceptibility x(q), which will be discussed in the following
section.

5.2 Magnetic susceptibility and nesting

The enhanced uniform susceptibility ), can be generalized to treat the re-
sponse of a nonuniform magnetic field[S] characterized by the wave vector
q, resulting in ¥ = x(q). The unenhanced susceptibility xo(q) describes the
instantly induced magnetization density, Am, due to a small applied magnetic
field, AB so that Am(q) = xo(q)AB(q). If a small field is applied, a small mag-
netization density will thus be induced. This change in magnetization density
will affect the exchange-correlation potential for the system, which will result
in an effective increase in the applied field, governed by the Stoner factor I(q)

Am(q) = x0(q) (AB(q) +1(q)Am(q)). (5.5)

The self-consistent response can then be written as Am(q) = x(q)AB(q),
which combined with Eqn. 5.5 gives us an expression for the enhanced
susceptibility @
Xolq
HO = @)
An analytical expression of the unenhanced susceptibility can be obtained by
using perturbation theory on the response in a nearly-free electron limit. The
resulting expression can be written using the Lindhard formula[31]

(5.6)

8 8
Z fl&w) kq“)}dk, (5.7)
gk qu — Eky

where the integration is performed over the first Brillouin zone, f(€) is the
Fermi function and gy is the eigenvalue for band v at k. By examining
Eqn. 5.7 we see that the denominator becomes small when the ordering vec-
tor connects k-points with nearly equal eigenvalues. Furthermore, we see that
at very low temperatures, the Fermi functions approaches step functions, and
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>

(@) (b)
Figure 5.4: The Fermi surface of Cr (left) and a cut of the Fermi surface(right).

the only ordering vectors contributing to the susceptibility are those that con-
nects an empty state to an occupied state on the Fermi surface. As a result,
the unenhanced susceptibility grows very large for an ordering vector q, that
connects planar sections of one or more Fermi surfaces. The concept of hav-
ing two Fermi surfaces that can coincide for a rigid shift along a vector q, is
called nesting, and the vector q is then a nesting vector.

In order to illustrate the effect of a nesting vector we can consider the Fermi
surface for bee Cr, displayed in Fig. 5.4(a). The tetrahedron shaped surface in
the center of the Brillouin zone is an electron surface, while the tetrahedrons
centered at the H corners of the Brillouin zone are hole pockets. Due to the
spherical shaped surfaces at the corners of the electron tetrahedron, it is diffi-
cult to observe any obvious nesting vectors. However, if we plot a cut of the
Fermi surfaces and neglect everything except the tetrahedrons, which is done
in Fig. 5.4(b) we can find a nesting vector along the Z direction with a length of
approximately half a reciprocal lattice vector. A nesting vector that is exactly
half a reciprocal lattice vector would cause a magnetic ordering with ferro-
magnetic planes where the magnetization direction alternates between up and
down along the nesting vector. This behaviour would divide the lattice into
two sub-lattices with different magnetization directions, which is the defini-
tion of a antiferromagnet. The nesting vector for Cr is infact not exactly a half
lattice vector but corresponds to an ordering vector of q = (27/a)(0,0,0.952).
As aresult, Cr forms not an ordinary antiferromagnet, but an incommensurate
spin density wave.[32]
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5.3 Exchange interactions

For complex magnetic structures, the magnetic ordering can not always be de-
termined from the q-dependent susceptibility. For such systems it can be use-
ful to model the magnetic structure within the classical Heisenberg model[31],
where the Hamiltonian can be expressed as

H=-Y Jisi-sj, (5.8)
i#]j

where J;; is the effective exchange interaction between the localized spins s;
and s;. The Heisenberg model is by definition well suited for systems where
the magnetic moments are localized, and in these cases it is often enough
to only take nearest-neighbour interactions into account. For more itinerant
systems, the Heisenberg model can work as well, but then the range for which
Jij # O need to be increased. With a correct set of J;;, the Heisenberg model can
be used to study ground state configurations as well as the magnetic behaviour
at finite temperatures.

The exchange interactions J;; in Eqn. 5.8 can be obtained in reciprocal space
by the frozen magnon method[33, 34] or directly in real space by using the
Liechtenstein-Katsnelson formula where the energy change related to an in-
finitesimal rotation is calculated by means of the local force theorem[35, 36].
Within the RS-LMTO-ASA method, J;; can be calculated as

Tr & 1 1
Jij = SE 5i(€)G,; 8;(e)Gji de, (5.9)

where the trace is over orbital indices, ij" is the propagator for spin ¢ be-
tween sites i and j, and §; is a diagonal matrix whose elements are

ClliAlTi - ClTiAlli + (Alli - AzTi)g
a))

0i(e) = , (5.10)

where [ is an orbital index, Cj and A} are potential parameters in the or-
thogonal LMTO-ASA representation. If A;l. = Alll., Eqn. 5.10 becomes energy
independent with §; corresponding to the difference between the center of the
spin-up and spin-down bands.

5.4 Interlayer exchange coupling

The Heisenberg Hamiltonian works best for spins close to each other. An al-
most opposite situation is two magnetic atoms far from each other which are
separated by nonmagnetic atoms. The mechanism for exchange interactions in
this situation is an indirect interaction between the localized moments through
the conduction electrons of the non-magnetic material. These interactions are
described by the RKKY theory[37-39] and can not only describe interactions
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between isolated atoms but also between magnetic layers separated by a non-
magnetic spacer. The exchange interactions between such layers are quanti-
fied by the interlayer exchange coupling, Jizc = Earm — Eruy, 1.€. the energy
needed to switch the magnetization direction for one of the layers.

For large separations, the exchange coupling can be written as[40, 41]

Jo .
Jiec = Earm — Erm = —ZN*O;SIH(QSX_N+%) (5.11)
o

where N is the spacer thickness and where the sum is over critical spanning
vectors ¢¢ of the bulk Fermi surface of the spacer material. The amplitude
Jo of the coupling period & depends on the spin-asymmetry of the reflection
coefficients at the interfaces. It also depends on the Fermi velocity and the
curvature of the Fermi surface at the Fermi surface points spanned by ¢ . The
phase of the coupling, ¢, depends on both the refection coefficients and on
the Fermi surface topology. Hence the coupling is characterized by a set of
superimposed oscillations where the periods are given by the extremal Fermi
surface calipers.

The IEC oscillates as function of the spacer layer thickness and the pe-
riod can be obtained straight forward from total energy calculations or by
analysing the calipers of the Fermi surface. The IEC for Fe layers separated
by a Cu,Pd;_, alloy was studied in Paper II where the shape of the Fermi
surface and accordingly the oscillating period of the IEC changed with the
degree of alloying. In Paper III we study the effect of the IEC for Fe layers
with a V spacer when magnetic impurities are introduced in the spacer.
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6. High moment materials

In addition to the exciting aspects of fundamental physics, research on mag-
netic materials is often motivated by possible use in applications for data stor-
age. The fundamental principle for magnetic data storage is that the infor-
mation is decomposed into binary units (bits) where each bit is stored as the
magnetization direction of small regions of a magnetic media. Since there is
an evergrowing need for increased data storage capacity, these bits need to be
stored as close as possible i.e. the areal density need to be increased.

6.1 Material prerequisites for data storage

There are three parts of a magnetic storage device that can be identified as
having a critical importance for the storage density. The read head, the device
that reads the information from the magnetic media, needs to have a very
high sensitivity as well as a high signal-to-noise ratio in order to sense the
magnetic information stored on each bit. Typically the read head is a magnetic
sensor built up by a sandwich of magnetic and nonmagnetic layers. The sensor
can use either the giant magnetoresistivity effect[42](GMR) which is caused
by spin-dependent scattering of conduction electrons in magnetically coupled
layers separated by a non-magnetic metallic layer, or in newer devices the
tunneling magnetoresistivity effect[43](TMR) where it is the spin-dependent
tunneling through an isolator situated between magnetic layers that cause the
magnetoresistivity.

The recording media need to fulfill several material properties since it must
allow for information to be written to the media at a high speed and the stored
information must be kept unchanged for long times. As the volume of the
magnetic bits decrease, so do the magnetic field emitted from a bit. A large
saturation magnetization of the magnetic media is then important in order
to ensure a readable field from the bits. Due to the decreased volume, the
bits do also become more sensitive to thermal fluctuations. In order to keep
the recording media stable against thermal fluctuations, and withstand inter-
actions from neighbouring bits, the magnetic media need to exhibit a high
magneto-crystalline anisotropy energy(MAE)

The write head, which writes the information to the magnetic media, need
to be able to produce a magnetic field strong enough to flip the magnetic di-
rections in the bits, and localized enough to not affect surrounding bits. If
the MAE of the bits increase, the field from the write head need to increase
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Figure 6.1: The Slater-Pauling curve whichs show the magnetic moment per atom as
a function of electron concentration for transition metal alloys.

as well. Due to the increased bit density the area of the read head must be
kept small and the only remaining way of increasing the write field is to in-
crease the magnetization saturation density of the material in the write head.
As the name indicates, the saturation magnetization density of a material is
determined by its magnetic moment and its density.

In this chapter, we will focus on high moment materials for use in magnetic
write heads. The materials considered are based on alloys of Fe and Co, where
not only the chemical composition but also the geometrical configuration of
the Fe-Co based materials are varied.

6.2 Bulk Fe-Co alloys

The Slater-Pauling curve, displayed in Fig. 6.1 shows the average magnetic
moment for different transition metal compounds as a function of the number
of valence electrons. The maximum of the Slater-Pauling curve occurs not for
a pure element, but for an Fe-Co alloy with a concentration of approximately
35% Co. This is also the composition for which the largest known saturation
magnetization density, of ~2.45 T, is obtained. !

Bulk Fe-Co alloys have been the subject of several studies,
experimental[44-46] as well as theoretical[47-49], and it has been shown
that the non-linear behaviour of the average magnetic moment is caused by

!Larger magnetic moments per atom can be found for certain rare-earth elements i.e. Gd wich
has a spin moment of 7up, but Gd has a low critical temperature and is thus not ferromagnetic
at room temperature.
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increased spin moments of the Fe atoms while the magnetic moment of the
Co atoms stays constant. According to these studies, the moment of the Fe
atoms increases from 2.2 up for pure Fe to up to 3.0 ug for Co concentrations
higher than 50%. The behaviour of the moments for both Fe and Co atoms
can be explained by considering their density of states. In a rigid band
picture, the common explanation of the magnetization behaviour is that for
the Fe rich side, the Fermi level is pinned to a minimum in the density of
states of the minority spin. Since the majority band of Fe is not filled and
the minority band is in a minimum, an upward shift of the Fermi level,
corresponding to increasing the number of electrons, increases the number of
majority spins more than the minority spins and thus the magnetic moment
increases. On the Co rich side, the magnetization depends on the number
of available d holes since the majority band is full. This implies that when
the Fermi level is shifted down, electrons disappear from the minority band
while the number of electrons in the majority band is kept almost constant.
These two effects intersect at ~35% Co content and produce the maximum
on the magnetization curve. However, due to the limited charge transfer
present between Fe and Co atoms in Fe-Co alloys, which is usually less than
0.1 electron per atom, the rigid band picture can not single handed account
for the whole enhancement of the Fe spin moments. It is actually so, as will
be shown in later sections, that a proper explanation of the enhanced Fe
moments also need to include hybridization effects of the Fe bands due to
interactions with surrounding Co atoms. Fully relativistic calculations on
Fe-Co alloys[50] show that the orbital moments do not follow the trend that
the spin moments have, but instead increases monotonically with increasing
Co concentration. According to these results, the orbital moments of the
alloys lie between 0.06 up and 0.12 g per atom.

With the knowledge of the magnetic behaviour of bulk Fe-Co alloys, the
question arises: How can the magnetic moment for such systems be tuned
to overcome the bulk limit of 2.45up per atom? The two most apparent ap-
proaches are to either change the chemical composition by alloying Fe-Co
system with other elements, or to change the structure of the material.

6.3 Artificial structures

One possibility to tailor the magnetic properties of a material is to grow mul-
tilayers out of it. A multilayer is usually grown by sequentially depositing
different elements onto a substrate. If the depositing rate of the used elements
is well known, the chemical composition and the number of interfaces can
be controlled by varying the exposing times of the substrate. Multilayers do
not only offer a good possibility to control the stochiometric composition of
the compound, but they can also be used to stabilize crystalline phases of
materials that are unstable in bulk. One important example is Co that can be
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stabilized in the bcc structure[51] despite the fact that the equilibrium crystal
structure of bulk Co is hcp.

In addition to growing multilayers, materials with tailored composition
can also be built with clusters as building blocks. Clusters can be created
from a gas aggregation source, size selected, and deposited on a surface
of choice[52]. The clusters can also be covered by another compound
by simultaneously using a ordinary sputtering device in addition to the
cluster source. The combination of size selection and embedding offer large
possibilities to control the composition of the deposited material. As in
the case of multilayers it is, however, difficult to control the interdiffusion
between the clusters and the embedding matrix. The structure of the
deposited clusters can also be difficult to regulate. Compared to multilayers
that in the ideal case have interfaces only in one dimension, clusters can have
a larger surface to volume ratio depending on the radius of the cluster.

6.4 Multilayers

There exist a number of experimental studies of Fe-Co multilayers and even
though a concentration behaviour of the magnetic moments resemble the
Slater-Pauling curve for most of the studies, the results and conclusions
of these studies show a significant spread. The variation between different
experimental findings have inspired several theoretical studies which are
reported in Papers IV, V, and VL

6.4.1 Magnetic moments

Based on the analogy with bulk alloys, the average spin moments of multilay-
ers consisting of Fe and Co should have an non-linear behaviour as a function
of the concentration. In Fig. 6.2 a calculated average magnetic moments for
a selection of Fe-Co multilayers is shown, and as expected a Slater-Pauling
like behaviour is found; however, the maximum of the moment curve seems
to be slightly shifted towards a higher Fe concentration. The concentration
dependent behaviour can be seen in more detail in Fig. 6.2 where calculated
average magnetic moments for multilayers with a combined thickness corre-
sponding to 8 monolayers, as a function of the Co concentration is shown.
A slight enhancement of the magnetic moment compared to pure Fe is found
for the Fe;Co; multilayer, whereas for increasing Co thicknesses, the average
magnetic moments decrease. In addition to the concentration dependence, a
correlation between the magnetic moments and the thickness of the Fe and Co
layers can also be expected. A simple argument for this is that if the thickness
of the layers were 1 ML each, it would correspond to an ordered Fe( 5Cog s
bulk alloy where the average magnetic moment can be found in Fig.6.1 to
be ~ 2.4 up whereas for very thick layers the material can be seen as sepa-
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Figure 6.2: Calculated spin and total magnetic moments for bce Fe,/Co,,(001) super-
lattices, for n+m = 4 and 8, as a function of the Co concentration.

rated chunks of Fe and Co and the average magnetic moment would then be
~2.0 up. This can be seen from the differences between 8 ML thick systems
compared to the systems with a thickness of 4 ML in Fig. 6.2.

The increase of the magnetic moment for the thinner systems, which have
a larger ratio of interfaces, indicates that the enhancement of the Fe spin mo-
ments are confined to a small region close to the interface. The behaviour of Fe
spin moments close to Fe/Co interfaces will be discussed further in Sec. 6.5,
in connection with the results for emedded Fe clusters.

6.4.2 Hyperfine fields

The hyperfine field is calculated from the difference between the spin-up and
spin-down densities at the atom core. In many systems, the hyperfine field of
Fe is proportional to the spin moment but that is not the case for Fe in Fe-Co
alloys. In Fig. 6.3 experimental results for the hyperfine field of Fe as a func-
tion of Co concentration in Fe-Co alloys are shown. Although Fig. 6.3 looks
quite similar to the behaviour of the average magnetic moments for Fe-Co
alloys, it is important to keep in mind that the spin moment for Fe does not
behave as the data in Fig. 6.3 at all. As mentioned in earlier sections, the spin
moment of Fe increases monotonically from 2.2up to a value of ~ 3ug for a
Co concentration of 50% where it saturates. In Paper VI we report on a com-
bined theoretical and experimental study of the hyperfine fields for a selection
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Figure 6.3: Measured hyperfine field distribution for Fe in bulk Fe-Co alloys.

of Fe-Co superlattices. The calculations suggest that the hyperfine field of the
Fe atoms depend strongly on the short-range order. From the calculated hy-
perfine field profiles for two different multilayer configurations, as shown in
Fig. 6.4, with varied layer thickness and degree of interface alloying, it seems
like the hyperfine field is in fact determined by the local concentration of the
nearest and next-nearest neighbours surrounding the Fe atoms. The sensitivity
of the hyperfine field with respect to the short-range order makes the hyper-
fine field a very good probe for examining interface roughness which will be
discussed below.

6.4.3 Interface roughness

Even though the chemical composition of a multilayer can be quite well
regulated, full control over the growth process often proves very difficult to
achieve. In practice, the interfaces of grown multilayers are almost always
slighly rough due to structural distortions and chemical intermixing.
Structural distortions in multilayers are caused either by size mismatch be-
tween the different species or by competing structural preferences. Co, which
is meta-stable in bcc grows nicely when deposited on top of a Fe layer, but
as the thickness of the Co increases, the structure becomes increasingly dis-
torted. As aresult, it has been argued that Fe-Co multilayer interfaces are more
distorted when growing Fe on top of Co than vice versa. Distortions from the
perfect lattice can be calculated with electronic structure methods allowing
for force relaxations. In Paper V the equilibrium geometry for a Fe4Cos mul-
tilayer was calculated with first principles calculations. It was found that in
the case of Fe-Co multilayers, the small size mismatch between Fe and Co
atoms cause only small distortions, with a maximum deviation of 2% from



6.4. MULTILAYERS 41

3l T T T T T T
30+ -
201 , —
— (o] Q
=
= .
28+ -
L:L [} o]
m
27 _
(o] (o]
26 c)'. o.
-9
- Co Fe Co
4 PR U S S U I S B
- 2 4 6 8 10 12 14 L6

Position in multilayer

Figure 6.4: Calculated hyperfine fields for Fe atoms in an FegCo; multilayer. Squares
correspond to values in a perfect multilayer while the circles correspond to hyperfine
fields for an intermixed multilayer.

the perfect bec lattice. The effect of the distortion on the magnetic properties
was also calculated to be very small, affecting the average magnetic moments
with less than 2% .

Due to the difficulties of determining the chemical intermixing experimen-
tally, electronic structure calculations can prove a very valuable tool for this
purpose. The perhaps most straight forward way of determining the interface
characteristics theoretically is to use force relaxations, as mentioned above, or
simulations based on calculated mixing energies. The roughness can however
also be determined in a more indirect way by modelling the interface theoret-
ically and calculate properties, such as magnetic moments, that can then be
compared with experimental data. This latter approach can give a very good
estimate of the interface roughness and intermixing and has successfully been
used on i.e. Fe-V multilayer systems[53]. In order to succeed with this ap-
proach two criteria have to be met. First, the calculated property need to be
sensitive to the interface properties, as an example the spin moment of Co
would be a bad choice to probe the Fe-Co interface since the moment does
not change much regardless of the chemical environment. The second crite-
ria is that it must be possible to calculate the property with good agreement
with the experiments, so that a comparison can be made. As was shown in the
preceding section, the hyperfine field of Fe is very sensitive to the short-range
order and thus also to the interface roughness in a Fe-Co multilayer. Unfortu-
nately, the difference between the calculated and the measured hyperfine fields
for Fe-Co systems makes it difficult to allow for a comparison based on the
interface roughness.

In Paper VI we therefore compare the experimental results with an inter-
face model where the modelled field is calculated not from first-principles
calculations, but from experimental values for bulk Fe-Co alloys as displayed
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in Fig. 6.3. In short, the model works as follows. By modelling the chemical
composition across the Fe-Co interface, a concentration profile can be ob-
tained. From the profile, the concentration profile can be calculated and the
local concentration for Fe atoms in the intermixed layers can be obtained. The
hyperfine field from the Fe atoms in each of the layers can then be obtained
from the hyperfine field function in Fig. 6.3. The interface model used in Pa-
per VI was constructed by considering the process of diffusion of atoms from
one atomic layer to surrounding atomic layers. If the diffusion of atoms from
one atomic layer is assumed to be isotropic and stochastic, the diffusion of
each single atom can be viewed as a random walk process. Since the number
of atoms in the atomic layer is very large,” the random walks of the atoms
can be summed up into a normal distribution according to the Central Limit
Theorem[54]. The distribution of atoms from the chosen atomic layer can be
described by a Gaussian function with a chosen variance. Such a Gaussian
function can then be assigned to each atomic layer in the multilayer geometry
and the resulting concentration profile can readily be obtained by summing up
all the normal distributions. Since all layers have been described with identical
Gaussian curves, this model makes it possible to express the interface alloying
with only one parameter which determines the variance of the Gaussians.

A set of concentration profiles, obtained from the model above, and the
corresponding hyperfine field spectra for a FesCog multilayer can be seen in
Fig. 6.5. Here the parameter used is I'c, which corresponds to the full width at
half maximum of the Gaussian function. The modelled hyperfine field spectra
can be compared to the experimentally obtained spectra to find a correspond-
ing I'c,which in this case was estimated to be ~1 ML.

6.5 Embedded clusters

In a series of experiments, Binns and coworkers[55-57] have examined the
magnetic properties of Fe clusters, deposited on an highly oriented pyrolytic
graphite (HOPG) substrate, and embedded in Co. The clusters are created
in a gas aggregation cluster source[58] and are then mass-filtered. The mag-
netic properties of the cluster based samples have then been examined using
XMCD so that element specific information about the Fe atoms are achieved.
They report an increase in the spin moments and an even larger relative en-
hancement of the orbital moments in comparison with bulk Fe. In Paper VII
we have present results from calculations on similar systems. The Fe clus-
ters were covered by Co in the experimental situation, and in our calculations
we assume that the amount of Co is so large that the Fe clusters are isolated
from other clusters, and fully embedded in Co. In the calculations, a perfect

2Usually these kinds of multilayers has an area of several millimeters which in the case of Fe
would correspond to more than 10'3 atoms in each atomic layer
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Figure 6.5: Simulated hyperfine field distribution for Fe, and corresponding layer
concentration profile in interface alloyed Fe-Co multilayers. Gray bars correspond to
the Fe concentration in each layer.

bce structure was assumed, an assumption that has been supported by recent
studies.[59]

Both experimental and calculated average magnetic moments are shown in
Fig. 6.6. Given that the size and shape of the experimental clusters are not
known exactly, the calculated average moments can be said to be in good
agreement with the corresponding experimental values. Even for cluster sizes
as large as 700 atoms there is a significant enhancement of the magnetic mo-
ments compared to the bulk Fe value.

How the spin moments of the Fe clusters are affected by the Fe-Co interface
can be seen in Fig. 6.7 where the calculated magnetic profile for Fe clusters
with sizes between 15 to 137 atoms, embedded in a Co host is displayed.
In the same way as Fe spin moments are enhanced at a Fe-Co interface in a
multilayer, Fe atoms in a cluster close to the Co interface exhibit spin moments
well above the bulk value of pure Fe whereas the spin moments of the Co
atoms stay virtually constant. The orbital moments for the Fe atoms in the
same clusters are not enhanced at the interface.

A difference between the cluster interface and the multilayer interface is
that since the considered multilayers all have the surface normal in the (001)
direction, all interface Fe atoms in an Fe-Co multilayer have four Co atoms
and four Fe atoms as nearest neighbours, whereas the composition of the near-
est neighbours for Fe atom in a cluster interface can be different, depending on
the position of the atom and the size of the cluster. By comparing the magni-
tude of the spin moment for Fe atoms situated at different sites in the clusters,
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of about ~1.75 upg/atom.
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Figure 6.8: Local density of states for Fe atom in the center and at the interface of a
27 atom cluster and for a bulk bcec Co atom.

in relation to the nearest-neighbour composition it is found that the spin mo-
ment of the Fe atom is indeed very dependent on the number of Co atoms
present in the nearest-neighbour shell. The composition of the next nearest
neighbours also contributes to the spin moment but only to a very small part.

The cause of the enhancement of the Fe atoms at the cluster interface can
be explained by examining the local density of states for the Fe atoms, which
are shown in Fig. 6.8 for a central atom and an interface atom in a 27 atom Fe
cluster. For comparison the LDOS for bulk bee Co are also shown. Although
the Fe atom at the interface with Co has similar features as the Fe atom at
the center of the cluster, there is a marked difference in that the band filling is
much higher. In particular one encounters a situation where the spin-up band
of the interface Fe is full. The limited charge transfer between atoms atom
in these systems (there is a small charge transfer of 0.05 electrons from the
interface Fe atom to Co) implies that the interface Fe atom has transferred
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some of its spin down electrons to spin up electrons, with an increased spin
moment as a result. Co atoms at the interface have a DOS that is very similar
to the DOS of bulk bce Co.

The hybridization effects between Fe and Co can be explained in a simple
model by the higher number of electrons of the Co atom which causes the va-
lence bands to be more localized than the valence bands of Fe atoms. Fe atoms
with Co neighbours will then have smaller wavefunction overlap compared to
a case with only Fe atoms. The decreased overlap cause a narrowing of the
bands which in the case of Fe fills the majority spin band at the cost of the
minority spins.

6.5.1 Modelling the maximum moment

From the calculations of the Fe clusters embedded in Co it is apparent that
the average magnetic moment per atom encompasses the bulk limit of 2.45up
for cluster sizes of up to ~100 atoms. However the results above also points
out two important factors that limits the magnetic moment for a Fe-Co clus-
ter based material. The limiting factors are that the Co moments remain un-
changed to a value of ~1.8up per atom and the fact that the enhancement of
the Fe spin moments is caused by a close proximity to Co atoms. This causes
a conflicting situation where on one hand many Co atoms are needed in order
to increase the magnetic moments of the Fe cluster but on the other hand, the
number of Co atoms should be minimized in order to achieve a high average
magnetic moment in the material.

From a simple assumption of close packed spherical clusters, we modelled
the average moment of a systemt consisting of cluster and surrounding matrix
atoms by including a number of Co atoms, corresponding to 25% of the cluster
atoms when the average magnetic moment was calculated. With this model,
the average magnetic moment for a cluster based alloy is calculated to be
larger than 2.45up for cluster sizes up to ~50 atoms. The simple model used
above does however not take into account the possible effect of interactions
between neighbouring clusters. In reality, it might be difficult to retain the
high moments achieved within our simplified model, since for the low Co
concentration that was considered in the model, it is not certain that the Fe
clusters will have the same coordination of Co neighbours as in the model
case. Instead, the clusters may have more Fe neighbours, which can result in a
decrease of the moments. As a test of the effect of cluster-cluster interactions,
a supercell calculation for a 15 atom Fe cluster surrounded by 25% Co was
perfomed and the average magnetic moment for this system is only 2.40 up
per atom which is lower than the estimation from our simplified model which
predicted 2.65up. Since the average moment for this close packed structure
of the 15 atom Fe clusters decreased significantly from the non-interacting
cluster model, it can be expected that the average moment would decrease for
other cluster sizes as well. This indicates that it is unlikely to obtain saturation
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magnetizations exceeding the current limit of ~ 2.45 T for realistic systems
of bec Fe clusters embedded in bee Co.

6.5.2 Alloying the embedding matrix

The results in the previous section indicate that the largest impediment for
achieving large magnetic moments for a cluster based compound is not the
clusters itself but instead the low moment of the surrounding matrix. Alloy-
ing the Co matrix with Fe would increase the magnetic moment, but then the
question arises whether an Fe-Co alloy as a matrix would still cause an en-
hancement of the spin moments of the Fe atoms in the clusters. The influence
of the magnetic moments of embedded Fe clusters when the embedding Co
matrix is alloyed with Fe has been studied in detail in Paper VIII

The magnetic profile for Fe clusters containing 51 atoms embedded in an
Fe-Co alloy, as is displayed in Fig. 6.9, shows that the magnetic moment of
Fe atoms situated at the interface is not as large as when the embedding ma-
trix consists of pure Co. However, there is still an enhancement of the spin
moment compared to bulk Fe. A decrease of the magnetic moment for the in-
terfacial layers of the alloyed matrix can also be seen. These behaviours can be
explained by the importance of the short range order for Fe atoms mentioned
earlier. Comparing with the case of a pure Co matrix, the effective number
of Co neighbours for an interface Fe atom decreases with an increased con-
centration of Fe in the matrix. As an example, an interface Fe atom that may
have four Co neighbours in the case of a pure Co host, will instead have a lo-
cal environment corresponding to two Co neighbours if the matrix is alloyed
with 50% Fe. The decrease of the moment of the alloyed matrix close to the
interface comes from the opposite effect; an increase of the number of Fe
neighbours for matrix atoms close to the interface.

The conclusion from Fig. 6.9 is that despite substituting the Co matrix to
an Fe-Co alloy, the spin moments of the interface Fe atoms on the cluster are
still enhanced. The total effect of the spin moment enhancement on the aver-
age magnetic moments for the embedded clusters can be seen in Fig. 6.10(a).
Since the enhancement of the cluster spin moment is largest for the pure Co
matrix, the highest average cluster moments are found for the Fe clusters em-
bedded in pure Co. There is however a significant enhancement, compared
to bulk Fe, even for the alloyed matrix. This shows that despite the relatively
high concentration of Fe in the host matrix, the embedded Fe clusters have
quite large average magnetic moments.

When the embedding matrix is included in the average magnetic moment,
using the close packed model described in the previous section, as shown in
Fig. 6.10(b), the highest average moment is actually found for the 50% Fe
matrix. Even though the composition in Fig. 6.10(b) is calculated assuming
that 25% of the material consist of matrix atoms, an advantage with a large
moment matrix is that the amount of matrix material can be increased with-
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Figure 6.9: Magnetic profile of a 51 atom Fe cluster embedded in a Co matrix (dia-
monds), a FesoCosg alloy (circles) and a Fe;5Coss alloy (squares).

out lowering the average magnetic moment too much. Increasing the volume
of matrix material also separates the clusters more, which leads to less risk
for cluster-cluster interactions that reduce the cluster moments. These studies,
discussed in full detail in Paper VIII, indicates that it is in fact not unlikely
to tune the magnetic moments of materials based on embedded Fe clusters in
a Fe-Co matrix to obtain saturation moments larger than what is given by the
Slater-Pauling curve.
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7. Non-collinear magnetism

Even though there is no principal restriction for a magnetic material to align
its spins along a global spin axis, the majority of magnetic materials do infact
exhibit a collinear magnetic ordering. In this, and the following chapter, we
will discuss mechanisms that cause a material to stabilize in a non-collinar
magnetic ordering.

7.1 Criterions for non-collinear magnetism

As was discussed in connection to the derivation of the Stoner theory, a sys-
tem can gain in energy by decreasing the density of states at the Fermi energy,
which can result in the stabilization of a ferromagnetic state. Furthermore, it
was also shown that strong nesting features of the Fermi surface of a mate-
rial can stabilize anti-ferromagnetic structures or spin-density waves. In this
section, we will discuss if these mechanisms also can cause a stabilization of
a non-collinear magnetic state. As a result, we will identify two criteria for
stabilizing a non-collinear magnetic structure, where the driving mechanism
is hybridization between bands close to the Fermi energy. A more detailed
discussion on these criterions is presented in Paper IX.

The non-collinear magnetic structures considered in this discussion are spin
spirals. A spin spiral is defined as a magnetization density, expressed in carte-
sian coordinates,

m(r) = m(r)[cos(q-R+ @)sinb,cos(q-R+ ¢)sinb,cosb], (7.1)

where m is the magnitude of the magnetic moment, ¢ and @ are polar angles,
R is a lattice vector and q is the wave vector characterizing the spin spiral. The
usefulness of the spin spiral comes from the fact that a translational operation
7 with a lattice vector R on a spin spiral corresponds to a spin rotation, %
where ¢ = ¢ - R. Using the symmetry properties of the spin spiral, it can be
shown[60, 61] that it is possible to construct Bloch spinors that diagonalize

the Hamiltonian as
_ kr e—iq~r/2ak(r)
Wk(r) =¢ ( eiq'r/Zﬁk(r) (7'2)
where o (r) and Pk (r) are the periodic functions for the spin-up and spin-

down components of the spinor. In the case of q = 0, the spiral corresponds to
a ferromagnetic solution.
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Figure 7.1: Schematical energy band crossings for a hypothetical material. The straigh
thin lines correspond to two orthogonal spin-up and spin-down bands in a ferromag-
netic state. When a non-collinear component of the magnetization is present, the two
spin channels may hybridize which can result in the opening of a gap at the Fermi level
and a lowering of the band energy. The corresponding hybridized bands are shown in
the figure as the thick bands.

In Fig. 7.1, two different scenarios for a band crossing at the Fermi energy
for a hypothetical, ferromagnetic element are displayed. The crossing bands
have different characters, where one of the bands is a spin-up band while the
other is a spin-down band. Since, in a collinear state, the spin-up and spin-
down components are orthogonal', they can not hybridize with each other. In
a non-collinear state, such as one described by spin spirals, the wavefunctions
are expressed by spinors which do not possess pure spin-up or spin-down char-
acter, and the two spin components are thus allowed to hybridize. Hybridized
spin spiral bands can be seen as the parabolic curves in Fig. 7.1. Compared to
the ferromagnetic bands, the hybridized bands open up a gap, and the repul-
sion between the hybridized bands pushes them apart. If the crossing occurs
close to the Fermi level, the hybridization results in a gap where the upper
band is pushed above the Fermi energy and will thus not contribute to the
total energy, whereas the lower band will be pushed down from the Fermi
energy, which will lower the total energy.

From this discussion we can deduce two criteria that need to be fulfilled
for the stabilization of a non-collinear magnetic structure. In order for this
hybridization to take place, both spin-up and spin-down bands must cross the
Fermi level. This condition excludes strong ferromagnets such as hcp Co and
fcc Ni. Further, the kinetic energy gained by the gap opening mechanism is to

' As was discussed in 2.4



7.2. TLCO,SE, 53

a certain extent balanced by a cost in the exchange enery due to that hybridized
bands lead to reduced moments. In order for the energy gain to be sufficently
large, there need to be prominent nesting features between the spin-up and
spin-down bands, since if the spin-up and spin-down bands can coincide for a
rigid shift in k-space, many Kk-points can be involved in the energy lowering
process.

The effectiveness of the described mechanism have been verified by elec-
tronic structure calculations, reported in Paper IX, for a variety of transition
metals where the two criteria mentioned above have been fulfilled by tuning
the exchange splitting of the examined materials by either changing the vol-
ume, or by using fixed spin calculations.

7.2 TICo,Se,

The criteria described above are not only applicable to metals under very
special conditions, but can exist in certain compounds under normal circum-
stances as well. Such an example is TICo,Se, whose magnetic properties are
examined in Paper X. Due to the crystal structure of TICo,Se,, a layered
tetragonal 14/mmm structure, the compound exhibits quasi two-dimensional
behaviour. The magnetism is driven by the Co atoms which sit in a square
lattice in two dimensions. In the plane, the Co atoms couple ferromagneti-
cally to each other[62], but the large distances between the Co planes, ~7A,
an interesting ordering is found along the out-of-plane axis. According to ex-
periments, the magnetization axis turns with ~ 121° between the Co planes.
This corresponds to a spin spiral structure with q = (0,0,0.7)27/c. It is very
unusual for Co compounds to exhibit non-collinear magnetic ordering, as a
matter of fact this is the only known example.

These experimental findings were accompanied by non-collinear APW+lo
calculations, where it was found that the ground state was not a spin spiral, but
a collinear anti-ferromagnet. The calculated energy difference between the
antiferromagnetic structure and the experimentally found structure is small,
~0.1 mRy, and a study of the Fermi surface indicate that the spin spiral may
be stabilized by the effect discussed in Section 7.1.

7.3 TbNis

The magnetic structure of the rare-earth compound TbNis, that has been stud-
ied in Paper XI, can be explained in terms of nesting between spin-up and
spin-down Fermi surfaces. Neutron diffraction measurements indicate that the
magnetic structure is a helical spin spiral with an incommensurate wavevector
q = (0,0,0.02), and with a total magnetic moment of 8.4 5.
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The experimental findings have been accompanied by electronic structure
calculations, using APW+lo and LMTO-ASA methods. The magnetic mo-
ment comes mainly from the localized 4 f-electrons of the Tb, with only a
small induced moment on the Ni atoms coupled antiferromagnetic to the Tb
moment. The calculated magnetic ground state, from APW-+lo, is a spin spiral
with a wavevector q = (0,0,0.06), albeit with a small energy difference of
0.11 mRy compared to a ferromagnetic solution. From a Fermi surface analy-
sis based on the LMTO-ASA band structure for the ferromagnetic solution, a
nesting vector q = (0,0,0.03) between the spin-up and the spin-down sheets
were found. Since this latter q is very close to the experimentally observed
wavevector, it is sensible to belive that the noncollinear behaviour is indeed
an effect of strong Fermi surface nesting.

7.4 Fcc Fe

The perhaps most known material that exhibits non-collinear magnetism is fcc
Fe. At ambient conditions Fe has a bcce structure, so an Fe based fcc structure
can either be found for elevated temperatures where the fcc phase is stable
between 900°-1400°, or in alloys. A well known example of an fcc Fe alloy
is stainless steel which is obtained by adding ~ 10-15% Cr and 5 — 10% Ni.
Alloying Fe with ~ 35% Ni results in another fcc-based material with tech-
nological relevance, Invar, which has very low thermal expansion compared
to other metals. The anomalous behaviour of Invar alloys have been shown to
originate from a non-collinear magnetic ordering[63].

Pure fcc Fe has been stabilized as precipitates inside a fcc Cu matrix[64],
where the spherically shaped Fe particles have a mean diameter of 50 nm. The
magnetic ground state for these precipitates have been determined to be a spin
spiral with a wave vector

21
qexp = (0.10,0, 1);, (7.3)

where a is the lattice constant of the surrounding fcc Cu matrix, which is
assumed to be inherited by the Fe precipitates. The ground state is thus close
to a collinear antiferromagnet, which would correspond to a wave vector of
gar = (0,0, 1)2717/61.

Theoretically, the fcc Fe system has been studied by a large number of
methods with a wide spread between the obtained results. In earlier calcula-
tions, the experimental situation with precipitated Fe particles, have only been
accounted for by simply using the lattice parameter of Cu while perform-
ing supercell or spin-spiral calculations assuming an infinite particle size. In
Paper XII we report on non-collinear calculations of fcc Fe, using the RS-
LMTO-ASA method, where we have tried to mimic the experimental situa-
tion to a larger extent than what has been done before, by considering a small
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Figure 7.2: The geometry of the embedded Fe cluster (a) , and the magnetic moments
for the calculated ground state (b).

Fe cluster embedded in an fcc Cu matrix. In the reported study we considered
clusters of 43 Fe atoms sitting on the underlying fcc lattice of the Cu matrix,
where the cluster shape is as spherical as possible corresponding to a central
atom surrounded by three shells of nearest neighbours. The geometry of the
studied cluster is shown in Fig. 7.2(b).

A comparison between different collinear configurations of the cluster
shows that an antiferromagnetic solution is preferred, and that many different
configurations lie very close in energy. The most stable collinear solution,
of those considered, was found to be a configuration where the moments
of the atoms beeing nearest-neighbours to the central atom couple parellell
to each other but antiferromagnetically to the remaining atoms. The energy
difference compared to other antiferromagnetic solutions is in the order of a
few mRy/atom and less.

Non-collinear calculations have also been performed for the cluster. Sev-
eral starting configurations were used in order to avoid local minima, and the
moments of the cluster atoms were allowed to rotate freely. The resulting mag-
netic structure, with the lowest energy is shown in Fig. 7.2(a). A majority of
the considered starting guesses ended up with a similar magnetic orders as the
one displayed in Fig. 7.2(a) which makes it a reasonable assumption that this
configuration is close to a global minimum.

The magnetic structure in Fig. 7.2(a) looks a bit chaotic at first glance and
it is not obvious how to analyze the magnetic ordering in the cluster. For this
system without periodicity, the obtained magnetic structure can be character-
ized by the angles 6;; between two different magnetic moments, m; and m;

0;j = arccos(m; - 1i1;). (7.4)

The calculated structure can be visualized as a histogram over all 6;; for the
system, as is done in Fig. 7.3. In this figure we see a concentration of an-
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Figure 7.3: Histogram over 0;; for the calculated magnetic ground state, and correla-
tion sum S(§).

gles between ~0° and ~15°, around ~90°, and spread out between ~110° to
~140°. This 6;; distribution can be compared to other magnetic orderings, by
introducing a spin correlation sum $ as

S ({m}, {m°}) = ZZ iy — i i)’ (7.5)

i=1,nj#i

where 7 is the number of atoms and {m} and {m°} are two sets of magnetic
moments for these n atoms. The sum in Eqn. 7.5 is then a measure of how
similar the two sets {m} and {m°} are, where S = 0 whould indicate that the
sets are identical (or only differing by a global rotation). With the expression
in Eqn. 7.5 we can the empirically compare different proposed magnetic con-
figurations {m°} with our self-consistently calculated ground state structure

As referece magnetic structures {m"}, we used several variations of antifer-
romagnetic orderings, helical spin density waves and multi-q orderings. The
lowest S value was obtained for a 3q structure with a magnetic wave vector at
the X-point. In general this type of 3q magnetic order is a superposition of the
three oscillations

m3q(r Zm,e’q’ (7.6)

with wave vectors q; = (100)27/a, q; = (010)27/a, and q3 = (001)27/a.
For the best reference structures, the three different moment amplitudes can
be written as

m = m(l 0 &) (1.7)
m = mo(—l/Z V3/2 5) (7.8)
m; — mo(—l/Z ~V3/2 g), (7.9)

where & is a yet undefined parameter. When ignoring this third component,
these three moment amplitudes form 120° angles with each other. This mag-



7.4. FCC FE 57

netic structure have a simple cubic unit cell with four inequivalent sites. In the
case of & = 0 three of the magnetic moments are of equal magnitude, lies in the
xy-plane, and form 120° angles with each other, while the fourth has a vanish-
ing magnitude. By evaluating S as a function of £, as displayed in Fig. 7.3, we
find a low lying minimum at £=1.33, which then have a close correspondence
with our calculated structure. In this structure the four sites have moments that
form either an angle of 124° or 92°, with each other, which are shown together
with the calculated angles in Fig. 7.3. When ignoring surface enhancements
effects, the magnitudes are described well with this 3q model, with the mag-
netic moment on the site with almost perpendicular moment larger than the
other three, which in turn are very similar.

For bulk fcc Fe with the lattice parameter of Cu, the obtained 3q structure
found to be 0.2 mRy/atom higher in energy compared to the conventional
3q structure with 109° between the moments. This implies that the magnetic
structure obtained from the cluster calculation is unique for small clusters.

Returning to the different configurations calculated self-consistently, it can
be noted that the energy differences between the obtained configurations are
very small, and can be considered degenerate within the energy resolution
of the RS-LMTO-ASA method. As an example, a calculated solution, with a
structure that fitted to the model above would yield angles of 98° and 120°,
lies only 0.01mRy above the structure shown in Fig. 7.2(a).
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8. Magnetic nanostructures

A common description of a nanostructure, is that the system has at least one
dimension in the nanometer regime, and that it is manufactured or manipulated
artificially. With this definition, a free molecule itself is not a nanostructure
while a system where the same molecule is attached to leads on a surface
is. Connecting to the materials studied so far in this thesis, multilayers and
embedded clusters can be defined as nanostructures, or at least nanostructured
materials.

The physics of nanostructures is mostly governed by effects due to reduced
dimensionality, broken symmetries, and a large number of interfaces, and
their behaviour is therefore not bulk-like. The constrained geometry present in
nanostructures can also cause quantum mechanical effects such as quantum-
well induced magnetism and quantum mirages.

In this chapter, the magnetic properties of nanostructures consisting of small
metallic clusters supported on a surface will be discussed. With techniques
such as scanning tunneling microscopy(STM)[65], atoms on surfaces can be
manipulated and assembled to small clusters. With spin-polarized STM[66],
a contrast depending on the alignment of the spins in the nanostructures can
be obtained, which can be used to determine the magnetic ordering of the
structure.

8.1 Reduced dimensionality

As an example of the lowered symmetry for a nanosystem, we can consider
the surface depicted in Fig. 8.1. Atom A is placed in what can be called a bulk
like environment with six nearest neighbours. Situated on the surface is atom
B which has 4 nearest neighbours while the ad-atom C has only two nearest
neighbours. This decreased coordination can change the physical properties
of the atom drastically.

The effect of the decreased coordination number on the local density of
states, can be estimated with a simple model calculation. The bandwidth of
the local density of states is proportional to the square root of the second
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Figure 8.1: Schematic view of the coordination number for ad-atoms (C) and surface
atoms (B) compared to more bulk like atoms (A).

moment of the LDOS! which is calculated as

m; =Y (jIH|i) (| H|j).- (8.1)

J

Suppose that the Hamiltonian, H is in a tight-binding form with the only non-
zero elements being a hopping term B for nearest-neighbours. If the coordi-
nation number for the atom is N, then by counting the possible hopping paths
for the atom the second moment can readily be calculated as m? = Nf32. The
reduced coordination number for atoms in surface nanostructures will thus
cause a narrowing of the density of states compared to bulk atoms.

We showed earlier (in Chapter 5) that the magnetic ordering is sensitive to
the shape of the density of states. In Fig. 8.2, schematic densities of states
for d-like electrons, which can be used for illustrating the different scenarios
that can happen with the electronic structure for an ad-atom, are shown. For
simplicity, we will assume charge neutrality for the ad-atom in the following
discussion.

First, we can consider the LDOS for an atom that in its bulk state is a weak
ferromagnet. This is shown in the (A) panel of Fig. 8.2. A band narrowing for
this atom causes a downward shift in energy for the majority band while the
minority band is shifted up in energy. The result of the band narrowing in this
situation is a transfer of spins from the minority to the majority band and an
enhanced magnetic moment, which can be seen in panel (B). If the band nar-
rowing is sufficiently large compared to the exchange splitting, the majority
band will be completely filled, causing a transition to a strong ferromagnet. A

ISee c.f. Ref. [28] for a thorough explanation on the moment expansion of the local density of
states
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Figure 8.2: Examples of magnetic phase transitions due to band narrowing. (A) is
a bulk weak ferromagnetic atom which becomes (B) at the surface. (C) is a non-
magnetic bulk atom which becomes magnetic (D) at the surface due to band narrow-
ing.

more spectacular effect can occur for atoms that in the bulk configuration are
nonmagnetic. The lower figures of Fig. 8.2, displays the effect of the band nar-
rowing for such a nonmagnetic atom in panel (C). Since the total number of
electrons is constant, the narrowing of the band leads to an increase of the den-
sity of states at the Fermi level. If the resulting density of states at the Fermi
level is large enough, the Stoner criterion (Eqn. 5.4) is fulfilled and the bands
will be exchange split, causing a magnetic behaviour of the ad-atom which is
seen in panel (D). If the DOS in the bulk configuration is very delocalized or
if the band narrowing is to small, the atom stays non-magnetic.

8.2 Frustration

In Chapter 7 band hybridization effects as a possible cause for non-collinear
magnetic ordering were discussed. Nanostructures lack translational symme-
try and the band picture is therefore not completely valid. Due to the confined
geometry of supported clusters, there is instead another important feature that
can cause non-collinear magnetic ordering for these nanostructures, the pres-
ence of geometrical frustration.

The concept of frustration can be visualised by considering a network of
three spins situated on an isolated, equilateral triangle, as depicted in Fig. 8.3.
For this system of localized spins we can calculate the magnetic energy in
terms of a Heisenberg Hamiltonian. If the exchange interaction, J, is the same
for all spins the Hamiltonian is written as

H:—ZJUS,'-S!':—JSl-SQ—JSZ-S3—JS3-Sl (8.2)
i#j
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Figure 8.3: The left triangle displays a frustrated system, which result in the non-
collinear state of the right panel, where the moments makes an angle of 120° with
their neighbours.

where s; is the unit vector along the direction of the spin at site i. For a positive
J, a ferromagnetic solution will have the lowest energy of —3J. If J is negative,
then each spin want to couple antiferromagnetically with neighbouring spins,
but as a result of the triangular geometry, it is impossible for all three spins to
align antiparallel with both their neighbouring spins. A collinear arrangement
with two of the spins pointing antiparallel to the third spin would result in an
energy of —J which is larger than what the energy would be if all spins could
simultaneously align antiferromagnetically to each other. The geometry can
thus be said to frustrate the system by prohibiting it from obtaining the true
ground state.

If the spins in Fig. 8.3 are not restricted to a collinear configuration, the
lowest energy possible, is obtained by arranging the spins so that they makes
an angle of 120° with each neighbour. The energy is then —%J and hence
is lower than the collinear solution. For this particular system, we can see
that a non-collinear ordered state is stabilized as an effect of the geometrical
frustration.

The concept of geometrical frustration is far from restricted to this
simple example and is important not only for the magnetic ordering but for
structural and thermodynamic properties as well, especially for disordered
materials.[67]

8.3 Substrates

The choice of substrate can be of large importance for the magnetic properties
of supported clusters. In experimental situations, deposited clusters often con-
form to the structure of the underlying surface, so by varying the choice of sub-
strate, the geometry of the cluster can be changed. Depending on the electronic
structure of the surface, the energy bands of the surface can hybridize more or
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less with the electrons of the deposited atoms. Most of the results presented
in this chapter consider clusters supported on a noble-metal surface, Cu(111)
or Au(111), where the hybridization between surface and cluster atoms are
small. The limited hybridization allows for studies of the more intrinsic mag-
netic properties of the supported clusters. On the other hand, a substrate that
hybridizes more with the deposited clusters can cause a major change of the
magnetic properties of the clusters, as will be discussed in Sec. 8.6. The (111)
surface direction is a close-packed direction in the fcc structure, and deposited
atoms can thus be placed in positions corresponding to an equilateral triangu-
lar lattice, which according to Sec. 8.2 can cause geometrical frustration if the
cluster atoms couple antiferromagnetically.

8.4 Cr, Mn, and Fe on Cu(111)

The scenario of geometrical frustration can be examined by depositing atoms
that couple anti-ferromagnetically situated on a triangular lattice. As was men-
tioned in the previous section, an fcc(111) surface is a good template for a tri-
angular lattice. Antiferromagnetic ordering can be expected for the elements
in the middle of the 3d-series. Cr, that has an antiferromagnetic spin-density
wave ground state in bulk, and Mn that has a complex non-collinear order-
ing in a 58 atom unit cell as the bulk ground state are thus good candidates.
Since Fe is known to order non-collinearly in the fcc structure while being
ferromagnetic in bulk bce, Fe might couple antiferromagnetically as well.

A monolayer can be seen as an intermediate between bulk and cluster, and
previous calculations[68, 69] have predicted a monolayer of Cr on Cu(111) to
order in a non-collinear structure with 120° between neighbouring moments,
while a Mn monolayer orders row wise antiferromagnetically. A single mono-
layer of Fe on Cu(111) orders in a high-spin ferromagnetic configuration, with
a transition to a low spin configuration when the layer thickness is increased
beyond 3 monolayers.

The magnetic ordering of clusters of these transition metals supported on
a Cu(111) surface has been examined in Paper XIII and XIV, and will be
briefly review below.

Due to the reduced dimensionality, the atomic moments in the clusters can
be expected to be large. This is indeed the case, as can be seen in Fig. 8.4,
where the individual moments for the atoms in the considered clusters are
shown as a function of the number of nearest neighbours. Mn is found to have
the largest spin moment, which can be expected, considering the electronic
configuration of the free atom, where Mn has the largest number of unpaired
electrons. It can also be noted that the moments in Fig. 8.4 show an almost
linear dependence of the number of nearest-neighbour atoms, albeit with dif-
ferent slopes for the three elements.
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Figure 8.4: Spin moments, as a function of the number of nearest-neighbours, for
atoms in Cr, Mn and Fe clusters supported on a Cu(111) surface.

The orbital moments have also been calculated for a selection of the clus-
ters. The Fe clusters exhibit the largest orbital moments which also depend
heavily on the coordination number, ranging from 0.33up for a single ad-
atom to 0.06up for an Fe atom with six other Fe neighbours. The behaviour of
enhanced spin and orbital moments is also noted for Fe clusters supported on
a Ni(001) surface that has been studied in Paper XVII . The orbital moments
for the Cr and Mn clusters were very small, of the order of 0.01up per atom.

Regardless of the geometry, all Fe clusters were found to order ferromag-
netically. The Cr and Mn clusters on the other hand, were found to exhibit
an antiferromagnetic exchange coupling between nearest neighbours. An ex-
ample of the antiferromagnetic coupling can be seen in Fig. 8.5(a), where a
straight Mn trimer is shown. The geometry in Fig. 8.5(a), is similar to what
was discussed in Sec. 8.2, and as a result the magnetic ground state of the
triangle is indeed a non-collinear solution with an angle of 120° between the
magnetic moments. The same magnetic structure was also obtained for Cr for
the two geometries.

As the cluster sizes increase, the magnetic ordering of the Mn and Cr clus-
ters become more complex. In the two examples mentioned above, the mag-
netic ordering can be described correctly with a nearest-neighbour Heisenberg
Hamiltonian. The question is whether or not a Heisenberg Hamiltonian can ex-
plain the magnetic structure as the size of the clusters increase. This was tested
by comparing our calculated magnetic configurations for certain cluster with
the magnetic structure obtained from minimizing a Heisenberg Hamiltonian
for different choices of nearest-neighbour exchange interactions. It was found
that the ground state of several Cr clusters, such as those displayed in Fig. 8.6,
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(@ (b)

Figure 8.5: The magnetic ordering for three atom Mn clusters on a Cu(111) surface.
Geometrical frustration causes non-collinear magnetic ordering for the triangle in (b).

(@ (b)

Figure 8.6: The calculated magnetic ground state for Cr clusters on a Cu(111) surface.

can be obtained from a Heisenberg Hamiltonian if the exchange parameters
were scaled with respect to the local structure of the atoms. In addition to the
non-collinear examples, there are also several cluster geometries where the
atoms can order in a collinear antiferromagnetic configuration and can thus
be predicted from a simple Heisenberg Hamiltonian. Although it is not shown
here, the magnetic ordering in Mn clusters is however not always as easily
described with a Heisenberg model.

The difference between the magnetic interactions of Cr and Mn can be illus-
trated with the tetrahedron shaped clusters shown in Fig. 8.7. The Fe pyramid
(Fig. 8.7(a)) exhibits a ferromagnetic order. The atom situated on top of the
pyramid has a magnetic moment of 3.40up while the three Fe atoms closer to
the Cu surface have a magnetic moment of 3.11ug. For the Mn cluster shown
in Fig. 8.7(b), a non-collinear structure is found and for the Cr pyramid, shown
in Fig. 8.7(c) a collinear antiferromagnetic solution is found.

A model Heisenberg Hamiltonian, as in Eqn. 5.8, with only antiferromag-
netic nearest-neighbour exchange parameters, J;;, yields a two-fold degenerate
ground state, either a collinear antiferromagnet or a non-collinear tetragonal
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Figure 8.7: The calculated magnetic ordering for pyramid shaped clusters on a
Cu(111) surface. Fig. 8.7(a) shows a Fe cluster with a ferromagnetic solution.
Fig. 8.7(b) shows a Mn cluster and Fig. 8.7(c) shows the Cr pyramid.

configuration with 109° between neighbouring angles. The angles between the
moments in the Mn pyramid are not exactly 109°, but instead around 116° be-
tween the base atoms close to the substrate and there are angles of about 100°
between the base site and the top atom, which can be attributed to a larger mo-
ment for the top atom and thus a larger exchange interaction between top atom
and a base atom compared to the J;; between two base atoms. The difference
in the total energy between the non-collinear ground state structure and the
antiferromagnetic solution for the Mn cluster is 25 meV per atom while the
corresponding difference for the Cr pyramid is 15 meV per atom in favor of
the collinear antiferromagnetic structure. The fact that the antiferromagnetic
and the non-collinear solutions are not degenerate indicates that the bilinear
exchange terms J can not always describe the magnetic interactions between
the atoms in supported magnetic clusters, a fact which previously been has
suggested for magnetic dimers on surfaces.[70]

8.5 VonCu(l11)

V is in bulk non-magnetic, but theoretical studies have predicted V to become
magnetic in free clusters and with exchange interactions changing between
ferromagnetic and antiferromagnetic behaviour depending on the structure
and size of the clusters. In Paper XV we present calculations on the magnetic
ordering for V clusters supported on a Cu(111) surface. We find for straight
clusters, such as a dimer or a trimer, that the V atoms are in fact magnetic and
couple antiferromagnetically to their nearest-neighbours. The antiferromag-
netic coupling causes a non-collinear magnetic structure, as was the case for
Cr and Mn on Cu, for a frustrated equilateral triangular geometry.
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Figure 8.8: The magnetic order for V clusters on a Cu(111) surface. The numbers on
the atoms indicate the calculated magnetic moment, (in Up).

As can be seen in Fig. 8.8, the behaviour of the V clusters differ from that
of Cr and Mn as the cluster size increases. The magnetic moments of the dif-
ferent atoms decrease rapidly with increasing number of neighbours and does
actually vanish for the central atom in the cluster in Fig. 8.8(c). As a result of
the decreasing magnetic moments, the exchange interactions decrease as well,
which causes the obtained magnetic configurations shown in Fig. 8.8.

The high sensitivity of the magnetic moment of the V atoms towards the
coordination number is related to the effect of the band-narrowing which
is accompanied with the decreasing number of neighbours. Since V is non-
magnetic in the bulk configuration, the Stoner criterion is more difficult to ful-
fill, and a high coordination number causes the bandwidth to be large enough
to stabilize a non-magnetic solution. This is illustrated in Fig. 8.9 where the
density of states for the atoms in the ten atom V cluster (shown in Fig. 8.8(c))
is displayed. The leftmost panel shows the DOS for an corner atom. For the
edge atoms, for which the DOS are plotted in the middle panel of Fig. 8.9,
a larger bandwidth than for the corner atoms is noticed, and in the rightmost
panel the DOS for the non-magnetic central atom is shown.

8.6 Coon W(001)

Co is a strong ferromagnet in its bulk state and is thus rarely found to
have a magnetic coupling that is not ferromagnetic. One exception was
mentioned in Sec. 7.2 where the coupling between Co planes in TICo;Se; is
non-collinear. Another exception is a Co monolayer on a W(001) surface that,
in a recent theoretical study[71], was found to order antiferromagnetically.
Motivated by this peculiar behaviour we have studied the magnetic
interactions of small Co clusters supported on a W(001) surface. We find
that atoms in a nearest-neighbour(NN) dimer couple antiferromagnetically
to each other with an exchange coupling Jyy=-2.9meV and that atoms
in next-nearest-neighbour(NNN) dimers couple ferromagnetically with
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Figure 8.9: Local density of states for atoms in the ten-atom cluster displayed in
Fig. 8.8(c).

Jnvnv=0.3meV. The magnetic ordering for planar clusters with up to 9 atoms
were found to be antiferromagnetic.

More details regarding the magnetic structure of the Co clusters deposited
on W(001) can be found in Paper XVL

8.7 CronAu(l11)

With the exception of the Fe clusters on an Ni surface discussed in the pre-
vious section, there has been now experimental verification of our calculated
magnetic structures. In Paper XVIII we have studied the magnetic ordering
of small Cr clusters supported on Au(111). The magnetic structure obtained
for a triangular Cr cluster is similar to what was found for Cr clusters sup-
ported on Cu(111), which was discussed in Sec. 8.4, i.e. a non-collinear or-
dering with 120° between the magnetic moments of the different Cr atoms.
Our calculated structure is in agreement with recent experimental results on
the Kondo response[72] for triangular Cr clusters that indicate that these clus-
ters are magnetically frustated.



69

9. Perspectives and outlook

The field of nanomagnetism is still emerging and the continued development
of experimental as well as computational methods is important for continuing
the current progress. With the non-collinear recursion method presented in
this thesis, systems with complex magnetic behaviour can be studied.

The method has already been applied to several systems and show great
potential, but it is important to validate the method by comparing obtained
results with experiments, or similar theoretical methods, which has only been
done to a small extent so far.! Unfortunately it is not a trivial task to find ways
of comparing the method with experiments. So far the method has been used
predominantly for calculating the magnetic ordering of nanoclusters, but even
if methods such as spin-polarized STM allow for a resolution of magnetic
contrast down to atomic level resolution it is not a simple task to convert these
images to a set of directions of magnetic moments or vice versa. A better ap-
proach may be to perform more indirect validations by comparing properties
that depend on the magnetic configuration instead of measuring the magnetic
ordering explicitly. This can for example be done by comparing spectroscopic
properties such as the unoccupied density of states.

In a longer perspective, there are also a few improvements that would in-
crease the potential of the method vastly. The first improvement would be to
improve the method to go beyond LDA and treat many-body effects more
accurately. Due to the localized nature of the electrons in many nanostruc-
tures, there is reason to belive that these systems can be strongly correlated. A
proper treatment of many-body effects would also make it feasible to analyze
the Kondo effect which has been known to occur for small deposited clusters
and ad-atoms. Another point on the wish list would be an improvement of the
energy resolution so that structural relaxations can be treated to a larger extent.
A first step in this direction could be to include full charge-density expansions
to improve the ASA resolution. A third improvement would be to extend the
method so that free-standing clusters can be treated. Luckily, this third point
is currently beeing adressed.

Regarding the parts of the thesis that are not concerned with
nanomagnetism, the density matrix purification implementation opens for
interesting possibilities. In contrast to the recursion based method, it can
treat non-metallic systems and can thus treat completely different systems. A

't is here important to press that the collinear implementation of this method, the RS-LMTO-
ASA have been successfully used for more than a decade.
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major improvement of this method would be to modify it so that embedded
systems can be treated effectively. Similar to the recursion method the density
matrix implementation is currently limited by LDA and the LMTO-ASA
restrictions.

The recursion method is one of few methods that are equipped to treat amor-
phous systems reasonably well. Due to the linear scaling of the method and
the real-space formulation, realistic amorphous systems can be modelled us-
ing thousands of atoms. Small steps have already been taken towards an ap-
proach to calculate magnetic interactions in such systems. Continued efforts
in this direction may prove very sucessful in the future.



71

10. Sammanfattning

Det hir avhandlingsbladet innehaller ungefir 2-10%° atomer. Nistan alla
dessa atomer har en bulklik omgivning, d.v.s. de befinner sig tillrdckligt langt
ifran bladets yta for att paverkas av vad som sker vid grinsskiktet mellan
pappret och omgivningen. Skulle bladet bli nidstan en miljon ganger tunnare
kommer ddremot alla atomer befinna sig sa néra ytan att deras egenskaper
fordndras. Dessa fordndringar kan forklaras av att symmetrier bryts och att
kvantmekaniska effekter paverkar sma system starkare dn stora. Fenomenet
att ett dmnes egenskaper dndras nidr dess dimensioner krymper dr det som
utgor basen for nanoteknologin.

De senaste arens nanoteknologiforskning har medfort stora framsteg vad
giller experimentella metoder for att framstdlla och analysera material
av nanostorlek. Med tekniker som t. ex. sveptunnelmikroskopi, kan man
manipulera enstaka atomer och méta deras elektroniska egenskaper. Utveck-
lingen har ocksa gatt framat nar det giller att tillverka nanostrukturerade
material, antingen genom att deponera atomer i tunna skikt, sa kallade
multilager, eller genom att deponera sma klungor av atomer, s.k kluster,
pa ytor. Dessa framsteg har gjort det mojligt att till stor del skraddarsy ett
materials egenskaper genom att noggrant bestimma materialets kemiska
sammansittning och struktur.

Med mojligheten att skapa dessa nanostrukturerade material f6ljer ocksa
utmaningen att forsta varfor de beter sig som de gor. Forutom experimentella
analysmetoder kan dven kvantmekaniska berikningar ge viktig information
om materialet. Berdkningsmetoder baserade pa tithetsfunktionalteorin, DFT,
har visat sig vara mycket effektiva for att analysera och dven forutsdga
materialegenskaper och de har dirfor anvénts med stor framgéng de senaste
decennierna. Nir det giller berdkningar av nanosystem sa finns det dock en
nackdel med méanga metoder baserade pa DFT, namligen att de #r utvecklade
for och anpassade till att anvédndas for system dér alla atomer &r bulklika.

I den hir avhandlingen presenteras en metod som har utvecklats for att
berdkna magnetiska egenskaper hos just nanomaterial. Metoden har anvénts
till att berikna den magnetiska ordningen hos sma metallkluster placerade pa
en metallyta. Det visar sig att geometrin hos dessa kluster spelar stor roll for
deras magnetiska egenskaper. Pa grund av den ldgre symmetrin hos en atom
i ett ytkluster jimfért med en atom i en bulklik omgivning blir atomernas
magnetiska moment storre i ytkluster. Det giller savidl krom som mangan
och jirn. Den minskade symmetrin kan dven gora att Zmnen som normalt
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sett 4r omagnetiska, som vanadin och rhodium, blir magnetiska. Atomer av
jirn och rhodium uppvisar ferromagnetisk ordning, dvs. atomerna vill ordna
sina magnetiska moment parallellt med momentet pa nirliggande atomer.
Krom-, mangan- och vanadinatomer vill ddremot ordna sina magnetiska
moment i motsatt riktning gentemot nirliggande atomers moment, i s.k.
antiferromagnetisk ordning. Om klustrets geometri dr sadan att det inte &r
mojligt att ordna alla moment antiferromagnetiskt, uppkommer frustration
i systemet vilket leder till en ickekolinjir magnetisk ordning, d.v.s. de
magnetiska momenten ordnar sig inte lingre gentemot en gemensam axel.
Exempel pa ferromagnetisk, antiferromagnetisk och ickekolinjir koppling
kan ses i Fig. 10.1.

(a) (b) (0)

Figure 10.1: Magnetisk ordning hos tre nanostrukturer. Den vinstra figuren visar ett
jarnkluster som har en ferromagnetisk struktur. Bilden i mitten motsvarar ett kromk-
luster ddr de magnetiska momenten ordnar sig antiferromagnetisk mot varandra. Den
hogra bilden visar ett mangankluster dédr atomernas magnetiska moment inte ordnar
sig efter en gemensam axel vilket leder till en ickekolinjdr magnetisk struktur.

En tinkbar framtida tillimpning for magnetiska nanokluster dr som
lagringsmedia i harddiskar, dir man genom att variera klustrets magnetiska
struktur kan kan spara information motsvarande antingen en etta eller
en nolla. Ett saddant lagringsmedia skulle kunna motsvara en Okning av
lagringstédtheten med en storleksordning jamfort med dagens teknik.
Magnetiska nanostrukturer i form av jarn- och koboltbaserade multilager och
inbdddade kluster har undersokts med mal att designa material med sa hog
magnetiseringstithet som mojligt. Material med hog magnetiseringstéthet &dr
mycket eftersokta, framst for att anvindas i skrivhuvud for harddiskar. Med
ett kraftfullt skrivhuvud kan man anvinda stabilare lagringsmedia &n vad
som anvinds idag och didrigenom 6ka lagringstitheten. Studien av de jdrn-
och koboltbaserade nanostrukturerna har bidragit till en djupare forstaelse av
vad som hinder med de magnetiska momenten i grinskskiktet mellan de tva
amnena. Undersokningarna pavisar ett mojligt klusterbaserat material som
kan ha hogre magnetiseringstithet dn vad som dr kdnt for andra jarn- och
koboltlegeringar.
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